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The purpose of this research effort was to evaluate the use of warm-mix additives 
with modified (polymer-modified and terminal blend tire rubber) asphalt mixtures from 
Nevada and California. This research was completed in two stages: Sasobit and Advera 
were evaluated in first stage while Evotherm and Foaming were evaluated in second stage. 
The three main components of the experimental plan include: evaluation of mixture 
resistivity to moisture damage, pavement performance characteristics of the mixtures, and 
mechanistic analysis of the mixtures for simulated flexible pavement.  
The moisture resistivity of all mixtures were checked by Indirect Tensile Strength 
(ITS), and Dynamic Modulus (E*) tests.  Dynamic Modulus Ratio (ECR) and Tensile 
Strength Ratio (TSR) were computed at multiple Freeze-Thaw (F-T) cycles for further 
evaluation of moisture sensitivity of mixtures. Flow Number (FN) and Flexural beam 
fatigue tests were conducted to evaluate the performance characteristics of WMA 
additives/technology. 
The terminal blend tire rubber-modified binder with lime treatment works 
effectively in resisting moisture damage, rutting, and to significantly-reasonably improve 
the fatigue life of the WMA Evotherm, Foaming, Advera and Sasobit mixtures. Hence, it 
is the best solution for the design and construction of sustainable asphalt pavements. The 
use of terminal blend rubberized asphalt binder is an excellent and economical selection in 
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CHAPTER 1 INTRODUCTION 
1.1. Background  
There has always been the environmental, energy cost and workers health related 
issues with Hot Mix Asphalt (HMA). These issues with HMA are mainly related to the 
temperatures at which it is produced and placed. In order to alleviate these associated 
problems in asphalt mixtures, a large effort has been made towards lowering the working 
temperatures of asphalt mixtures. The idea of Warm Mix Asphalt (WMA) comes with the 
effort in lowering operating temperatures, reducing energy cost and increasing work 
efficiency. The Main advantages of WMA over HMA include lower energy consumption, 
better working environment, easy compaction with lower number of roller passes, and 
reduction in premature aging of asphalt binders.  
The history of WMA starts in 1997 when it was first introduced. In 2002, National 
Asphalt Pavement Association (NAPA), Federal Highway Administration (FHWA), state 
agencies and some municipal agencies formed a WMA technical working group to oversee 
some field trials in the United States. In May 2007, a scan team of 13 U.S materials experts 
including American Association of State Highway and Transportation Official (AASHTO) 
and FHWA representatives traveled to European countries to advance their knowledge in 
WMA processes, mix design and construction practices, WMA performance, limitations 
of WMA and WMA benefits. In October 2008, the NCHRP 9-47 interim report was 
published which established relationships among engineering properties of WMA binders 
and mixtures, emissions, and field performance of WMA technologies. By the end of 2010, 
more than 50 percent of states in the United States had developed specifications guiding 
the WMA use. 
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WMA can be produced at temperatures ranging from 55 to 85°F below traditional 
HMA mixtures. Recently, there were various WMA technologies developed and all of 
them work in different ways. For instance, organic WMA additives reduce the viscosity of 
asphalt binder while chemical additives increase the surface tension. However, the idea of 
all these technologies is to provide better coating and compactibility at low temperatures 
and lower optimum binder contents than those encountered in HMA.  
Besides the numerous benefits of WMA, there are a few concerns which need to be 
addressed properly. Rutting and moisture damage are the two major concerns with WMA 
mixtures. Rutting is the accumulation of permanent deformation due to traffic loading in a 
pavement layer. Lower production and placement temperatures may lead to rutting in the 
asphalt concrete layer due to insufficient hardening of the asphalt binder. Nevertheless, 
rutting also depends on quality, gradation, shape, and texture of aggregates. Moreover, 
binder properties, stability, flow, layer thickness and air voids are also factors that influence 
rutting in asphalt mixtures.  
Similarly, with low temperatures, residual moisture that is entrapped inside the 
aggregate particles is not sufficiently dried. This weakens the adhesive bond between 
aggregate and asphalt binder. 
Ali et al. (2012) conducted a comparative laboratory study on HMA and WMA-
Foam Asphalt (WMA-FA) to evaluate moisture susceptibility, dynamic modulus, and 
permanent deformation (1). Two sources of aggregate and two asphalt binders (neat PG 
64-22 and polymer modified PG70-22M) were used for the research. Marshall mix-designs 
method were conducted to select the aggregate gradation and the optimum binder contents. 
WMA-FA showed a lower tensile strength and higher rutting due to softening of asphalt 
3 
 
binder in foaming technology, lower asphalt binder absorption and reduced asphalt binder 
stiffness. However, both mixtures showed similar dynamic modulus. This study concluded 
that aggregate type and asphalt binder play an important role in mixture performance. 
Kavussi et al. (2012) evaluated the moisture damage and rutting potential in 
Foamed WMA mixtures (2). Two different methods were used to produce Foamed 
mixtures. Method A involved transforming the single bitumen to the mix (WMA Foam A). 
Method B involved adding the bitumen in two stages to the mix (WMA Foam B). In 
method B, a soft bitumen was first added to the mix in order to coat the coarse aggregate 
particles and allow it to absorb the bitumen. Then, the hard bitumen was supplied from 
another feeding line as a second layer. The WLB-10 Wirtgen machine was used to produce 
the foam bitumen. The bitumen was foamed with different water contents. The optimum 
water content was determined on the basis of expansion ratio and half-life. The Marshall 
mix design was carried-out to get the optimum binder content. WMA foam mixtures 
showed lower air void content compared to control HMA. This could be a result of better 
workability and compactability. However, WMA mixtures showed higher moisture 
damage for samples mixed and compacted at a lower temperature. Nevertheless, the 
addition of lime, 2 percent of the dry weight of aggregate, significantly improved moisture 
resistivity. Permanent deformation of the mixes under high loading and high temperature 
were determined by the Wheel Tracking Test (WTT). After conditioning the specimens for 
6 hours at 60°C, it was tested in the WTT to measure the rut depth. Although, the untreated 
mixtures showed higher rut depth, the addition of 2% lime significantly improved the 
rutting potential and resistance to moisture damage.  
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Liu et al. (2011) conducted a laboratory evaluation of Sasobit-modified warm mix 
asphalt for Alaskan conditions (3). The study was conducted using PG58-28 polymer-
modified asphalt binder with three Sasobit contents (0.8%, 1.5%, and 3.0% by weight of 
asphalt binder) and a single aggregate source. The addition of Sasobit significantly changed 
the Performance Grade (PG) of the asphalt binder, reducing both mixing and compaction 
temperatures. With an increase in Sasobit content, the high temperature grade increased 
from 58 to 76°C, and the low temperature grade increased from -28 to -16°C. Overall the 
Sasobit mixtures exhibited higher dynamic modulus with better rutting resistance and 
comparable resistance to moisture damage. 
The Washington State Department of Transportation (WSDOT) conducted a 
comparative study on the performance of different WMA additives and HMA (4). WMA 
technologies included Sasobit® and three water foaming technologies: Gencor® Green 
Machine Ultrafoam GX®, AquablackTM and Water Injection. Performance tests were 
conducted on the field cored specimens and extracted asphalt binders to evaluate moisture 
damage, rutting, fatigue and thermal cracking. 
To study the effect of WMA additives on stiffness, the dynamic modulus test was 
conducted at six temperatures and five frequencies in order to develop the master curve. 
Except the AquablackTM mixtures, all WMA mixes showed similar stiffness to the HMA 
control. The AquablackTM mixtures showed lower stiffness because it was cored 
immediately after the construction, while other mixtures were cored only after two or more 
years. 
 The Hamburg Wheel-Track Device (HWTD) was used to measure rutting and 
moisture damage of asphalt mixtures subjected to a repeated steel wheel passes over the 
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immersed specimen in water at an elevated temperature. The field cored specimens were 
tested at 122°F for 20,000 passes. The stripping inflection point was not observed in any 
of the mixes. Only Gencor® and water injection mixes showed less rutting resistance 
compared to HMA mixes. An Indirect tension fatigue cracking test based on fracture 
energy indicated that all water-based foaming WMA mixes showed reasonable fatigue 
resistance compared to HMA mixes. The Sasobit® mix showed less fatigue resistance 
compared to HMA mixes. The fatigue test was performed at 14°F at a rate of 0.1 in./min 
until the specimen completely failed. For thermal cracking, Sasobit® and AquablackTM 
showed comparable performance to HMA mixes and Gencor® and water injection mixes 
exhibited better thermal cracking resistance than HMA mixes.  
In summary, even-though the lab results showed that Gencor® and water injection 
mixes had lower rutting resistance and Sasobit® had lower fatigue resistance, field 
performance did not show any type of these major distresses. 
Mogawer et al. (2011) evaluated WMA technologies; Advera, Evotherm, Sasobit, 
and Sonne wax on the moisture susceptibility of a mixture and the adhesion characteristics 
of the asphalt binder (11). A 9.5-mm Superpave mixture with PG64-22 asphalt binder was 
used as a HMA control mixture. The HWTD was used to evaluate the effect of WMA 
technologies on moisture resistivity of the asphalt mixtures at three aging times and three 
aging temperatures. The pull-off test, also known as the Bitumen Bond Strength (BBS) 
test, was conducted to measure the adhesive bond between aggregate and binder. The 
moisture susceptibility of all asphalt mixtures was enhanced with the increase in aging time 
or temperature. It was reported that the addition of liquid anti-stripping agents improved 
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the HWTD results. Moreover, the BBS test indicated that only Sasobit had a significant 
effect on the pull-off tensile strength of the asphalt binder for only un-conditioned samples. 
The 3 R’s strategy of Recycled Asphalt Pavement (RAP) is to reuse, recycle and 
reduce existing construction materials. This green technology saves money, energy and 
natural resources. Zhao et al. (2012) performed a laboratory evaluation of foamed warm 
mix asphalt with different RAP contents (0%, 30%, 40% and 50%) and one binder grade 
(PG64-22) (19).  HMA mixtures with 0% and 30% RAP were compared to WMA mixtures 
by conducting an Asphalt Pavement Analyzer (APA) Rutting Test, Hamburg Wheel 
Tracking Test, Tensile Strength Ratio (TSR), Superpave Indirect Tension (IDT) Test and 
Beam Fatigue Test. Overall, the test results indicated that WMA with high percentage of 
RAP showed higher rut resistance, improved moisture damage resistance, and better 
fatigue performance. 
Hill et al. (2012) investigated the effects of four WMA additives; Evotherm 3G, 
Rediset LQ, Sasobit, and Advera and three RAP contents (0%, 15%, and 45%) on the low 
temperature fracture properties, cracking behavior of asphalt mixtures along with moisture 
and rutting characterization (20).  The Disk-shaped Compact Tension [DC(T)], IDT, Creep 
Compliance, and Acoustic Emission (AE) tests were used to conduct low temperature 
testing of WMA-RAP mixtures. In the virgin mixtures, the chemical additives (Evotherm 
3G and Rediset LQ) showed a greater fracture energy when compared to the control HMA 
mixture, whereas the organic and foaming additives (Sasobit and Advera) exhibited a lower 
fracture energy. The addition of RAP decreased fracture energies when compared to the 
virgin mixtures. Similar to DC(T) Fracture Test, the two chemical additives without RAP 
in IDT creep compliance test showed higher creep compliance and higher slope at longer 
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times (m-value) compared to other virgin mixtures. The AE activity was analyzed using 
the recorded AE event counts, test temperatures, and computed AE energy on the asphalt 
mixtures subjected to a rapid rate of cooling. The AE test was used to determine 
embrittlement temperature (TMAX) and maximum energy event temperature (TEMB). Hill 
defined embrittlement temperature as the temperature at which micro cracks are developed. 
The maximum energy was defined as the temperature at which maximum acoustic energy 
was released. For virgin mixtures, foaming additive showed similar embrittlement 
temperature to the control mixture, whereas other mixtures showed lower embrittlement 
temperature. TMAX of control mixtures were close to their virgin binder low temperature 
PG grades with virgin mixtures. This study concluded that thermal cracking resistance not 
only depends upon the low production temperatures but also depends upon the type of 
WMA additives and amount of RAP contents. 
Xiao et al. (2010) evaluated the influence of hydrated lime and two liquid anti-
stripping additives on the moisture damage of WMA mixtures (21). Two WMA additives 
(Asphamin and Sasobit), PG64-22 binder, and three aggregate sources were used in this 
research. The tests included ITS, TSR, flow, and toughness. All the WMA mixtures with 
lime exhibited better moisture resistance compared to WMA mixtures with liquid anti-
strip.  Furthermore, the conditioned mixtures with WMA additives exhibited even lower 
ITS than the conditioned mixtures without WMA additives. 
Haggag et al. (2011) evaluated the influence of three WMA additives (Advera, 
Evotherm, and Sasobit) on the resistance to fatigue cracking of asphalt mixtures using a 
uniaxial, cyclic, and direct tension compression test (22). Two sources of aggregate and 
one asphalt binder (PG64-22) were used in the study.  These test data were analyzed using 
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the simplified viscoelastic continuum damage approach proposed in the NCHRP 9-43 
Phase I report. Cyclic fatigue tests were performed at 4°C and 20°C using low and high 
strain levels of 150 and 260 micro strains. There was no significant difference in the fatigue 
crack resistance of the HMA and WMA mixtures using 100 gyrations mixtures while 75 
gyrations also showed no significant difference in fatigue crack resistance between the 
WMA and HMA mixtures, except Advera showed a significant lower value. 
1.2. Objective 
The primary objective of this research study is to conduct a comparative study of 
different WMA technologies with respect to HMA. The specific objectives of this research 
work include: 
 Evaluate the impact of residual moisture on the resistance of WMA mixtures to 
moisture damage. 
 Evaluate the WMA mixtures resistance to rutting and fatigue cracking.  
 Perform a mechanistic analysis of asphalt concrete pavements constructed with WMA 
and HMA mixtures. 
1.3. Scope 
The research was conducted in two stages. Even though the aggregates were 
sampled from same Lockwood source in both stages, there was change in aggregate 
gradations due to difference in sampling and aggregate production times. However, both 
stages used the same asphalt binders, which were supplied by the Alon Asphalt Company. 
The PG64-22 (Neat Asphalt Binder), PG64-28NV/PM (Polymer-Modified Asphalt 
Binder) and PG64-28NV/TR (Terminal Blend Tire Rubber-Modified Asphalt Binder) were 
the three binders used in this research project. Stage 1 compares HMA (control) with WMA 
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Advera and Sasobit mixtures while Stage 2 compares HMA with Evotherm and Foaming 
WMA mixtures. 
HMA mixtures were designed based on NDOT and Caltrans Hveem mix design 
specifications. These control mixtures were compared with laboratory produced WMA 
mixtures meeting the same specifications and were also verified with the draft WMA mix 
design procedure developed by National Cooperative Highway Research Program 
(NCHRP) Project 9-43. 
Residual moisture is one of the main concerns with WMA mixtures as it may lead 
to moisture damage. In order to address this concern, asphalt mixtures were evaluated with 
and without anti-strip additives (lime and liquid anti- strip agent) in the mixture. 
To further analyze the moisture susceptibility of asphalt mixtures, prepared samples 
were exposed to zero, one, or six freeze-thaw cycles. Samples were then evaluated in terms 
of Tensile Strength (TS), Tensile Strength Ratio (TSR), Dynamic Modulus (E*), and 
Dynamic Modulus Ratio (ECR). Rutting and fatigue resistance of the mixtures were 
evaluated through the flow number and beam fatigue tests, respectively. However, due to 
limitation of material supplies, fatigue cracking was not evaluated for treated mixtures from 




CHAPTER 2 EXPERIMENTAL PLAN 
This research project is the continuation of two previous research projects 
completed by Corina B Wong and Zahi Chamoun (5, 6). Table 1 presents the tasks 
completed by above mentioned researchers. The table also presents the work done by the 
author of this thesis.  
2.1. Material Characterization 
2.1.1. Aggregates’ Properties 
The research was conducted in two different stages due to variation in aggregate 
gradation from the same source. This variation might be because of different production 
and sampling time of aggregates.  
All the aggregates used in this research were sampled from a hard rock quarry, 
which is located in Lockwood, Nevada (15 miles east of Reno). The aggregate blend was 
prepared by mixing 1” aggregate, 1/2” aggregate, 3/8” aggregate, crushed fines, and wade 
sand that met NDOT Type 2C and Caltrans Type A specifications for dense graded asphalt 
mixtures, as recommended by NDOT standard specifications for Road and Bridge 
Construction and Caltrans standard specifications, respectively. The detailed aggregate 
consensus properties were provided in Corina, 2012 and Chamoun, 2013. Figure 5 shows 
the aggregate gradations for stages 1 and 2. Stage 2 has a denser gradation compared to 
Stage 1. 
2.1.2. Asphalt Binder 
All asphalt binders used in this research were supplied by the Alon Asphalt 
Company. Both stages used the same asphalt binders in the research. They are: 
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 PG64-22, a neat asphalt binder commonly used in Nevada and California. It is a 
base binder for modified binders. 
 PG64-28NV/PM, a polymer-modified asphalt binder that meets NDOT and 
California specifications for polymer modified binders. 
 PG64-28NV/TR, a terminal blend tire rubber-modified asphalt binder that meets 
California specifications but does not meet NDOT specifications for modified 
binders. 
The Super-pave Performance Grade (PG) system was conducted on all binders and 
consists of following tests: 
 Cleveland Open Cup (AASHTO T48) 
 Rotational Viscometer (AASHTO T316) 
 Rolling Thin Oven (AASHTO T240) 
 Pressure Aging Vessel (AASHTO R28) 
 Dynamic Shear Rheometer (AASHTO T315) 
 Bending Beam Rheometer (AASHTO T313) 
2.1.3. WMA Additives / Technology 
Stage 1 evaluated two WMA additives: Advera and Sasobit. Whereas, Stage 2 
evaluated Evotherm as an additive and a Foaming technology. 
Advera is a synthetic zeolite additive used in WMA production. It is manufactured 
by PQ Corporation in North America. It contains about 18% water which is entrapped in 
the crystalline structure. The water is released from the zeolite structure and causes micro-
foaming during the mixing process. It foams better than Aspha-min because of its finer 
particle size distribution (passing #200). It does not alter the mix design because there is 
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no chemical reaction. It improves workability and compactability. It is added directly 
during the mixing process at 0.2-0.3% by total weight of the mixture. 
Sasobit is a synthetic wax widely used in the United States. It is manufactured from 
natural gas using the Fischer-Tropsch (FT) process. Distinctive properties of Sasobit are 
high melting point, low viscosity, high crystallinity, and hardness. It helps to upgrade softer 
binders. Reduction in viscosity aids in using higher percentages of Recycled Asphalt 
Pavement (RAP), Recycled Asphalt Shingles (RAS), and Polymer Modified Asphalt 
(PMA) mixtures. It is added to the hot binder at 1.5-3.0% by the weight of asphalt binder. 
The main benefit of Sasobit is better rut resistance with decreased compaction temperature.  
Evotherm 3G/ Revix is a water-free chemical additive that only reduces internal 
friction of the mixture without reducing viscosity of the asphalt binder. It showed improved 
workability, compaction and adhesion of the mixes. It can act as a substitute of liquid anti-
strip in order to achieve better adhesion at the asphalt-aggregate interface. A field 
demonstration of Evotherm pavement by the U.S National Center for Asphalt Technology 
showed less than 3 mm rut depth for 20 million ESALs traffic. It is injected directly into 
the hot asphalt binder before mixing at the rate of 0.4% by total weight of asphalt binder. 
The Foamer, developed by Pavement Technology Incorporation (PTI), is an asphalt 
foaming device that uses cold water to produce WMA foamed mixtures. The foaming takes 
place when cold water (2 - 4% by weight of binder) is injected into hot binder (above 340 
°F) under air and water pressure. During this foaming process, the steam is forced into the 
hot binder to form microscopic bubbles. The increased adhesive properties in the foamed 
binder is due to reduction of viscosity and surface tension.   
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2.1.4. Laboratory production of WMA-Foam binders 
CIR and Reclamation require higher volume expansion whereas WMA Foaming, 
requires tiny micro-bubbles with a longer half-life. The PTI machine was used in this 
research to foam all the binders. This machine includes an asphalt binder tank, a water tank, 
air and water pressure regulators, a control panel, heating chamber, and air tank. The 
operation of the PTI foaming machine requires setting up the air and water pressure (25 
bars air pressure and 40 bars water pressure was set in this research). Then, the pre-heated 
asphalt binder is filled in the disposable plastic bag inside the tank. The neat binder was 
heated at 340°F whereas modified binders were heated at 350°F for 3 hours in the oven. 
The control panel allows to change the asphalt and water content at the required asphalt 
temperature as stated earlier. The exit temperature of the chamber was set to the desired 
mixing temperature. Figure 1 shows the PTI Foaming Machine. 
The asphalt binder was heated at high temperature in order to make it viscous 
enough so that it could circulate through the foaming chamber. In the foaming chamber, 
the heated binder is mixed with cold pressured water where it vaporizes to steam. This 
steam plays an important role in foaming the asphalt. To optimize the foaming water 
content, the binder was foamed at 1.5 – 4% water content and was discharged into a 600 
ml beaker which was kept at required mixing temperature. This heated beaker simulates 
the heated mixing bowl.   
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2.1.5. Characteristics of foamed binder 
The foaming characteristics can be evaluated by Expansion Ratio, Half-life and 
Minimum Viscosity.  
Expansion Ratio (ER): It is defined as the ratio of the maximum volume of the foamed 
asphalt binder to the original volume of the asphalt binder of the same mass (13). It is a 
measure of the viscosity of the foamed binder and an indication of binder dispersion while 
mixing. ER depends upon the asphalt temperature and foamant water content. Minimum 
ER for aggregate temperature greater than 59°F is 8. Figure 2 shows the reduction of 
Expansion Ratio with time at 3% water content for PG64-22. 
Half Life (HL): It is defined as the time in seconds that it takes for the maximum volume 
to decrease by half (Wirtgen 2004). It is a measure of foam stability and an indication of 
the life of the foam during mixing. The higher the foamant water content, the higher the 
ER but the lower HL. Shorter HL increases binder viscosity before it completely coats the 
aggregates. The minimum HL for aggregate temperature greater than 59°F is 6 (13). Figure 
3 shows the Half-life of PG64-22 binder. Figure 6, 7 and 8 show the optimization of water 
content for all binders. 
Minimum Viscosity: 
 Saleh (2006) proposed a test on the Brookfield rotational viscometer to 
characterize the foam quality (10). This test was performed with rotational viscometer, 
500ml beaker and spindle #21 as stated by Saleh. The average foamant viscosity at first 60 
seconds is known as average viscosity. The viscosity was measured at 10 second intervals 
for 3 - 4 minutes. This new approach is a realistic method because it uses a fundamental 
property to characterize the foam quality. It is to be noted that two binders may have the 
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same empirical parameters (ER and HL) but different foam viscosity (10). This will have 
an effect on coating and workability of mixes. RV -1 spindle was used in this test. Figure 
4 shows the variation of foam viscosity with elapsed time for PG64-28NV/PM at 2.5% 
water content. Figure 9 shows that the viscosity is lowest at 3% optimum foamant water 
content for PG64-28NV/PM. Based on minimum viscosity, optimum water content was 
derived for all binders as shown in Figures 9, 10 and 11. 
2.1.6. Anti-strip Additives 
In order to reduce moisture susceptibility of mixtures, two anti-strip additives were 
used in this research: Hydrated lime and Liquid anti-strip. Mixtures without anti-strip 
additives were named un-treated mixtures, whereas mixtures with lime or liquid anti-strip 
were named lime-treated and liquid-treated mixtures, respectively. For dense graded 
mixes, NDOT requires lime in the mixtures while Caltrans specifies lime or liquid anti-
strip to moisture susceptible mixtures. Hydrated lime was added at a rate of 1% by weight 
of dry aggregate and the liquid anti-strip was added at 0.5% by weight of binder. Hydrated 
lime was added to the moist aggregates. It tends to change molecular polarity of the 
aggregate surface resulting in stronger adhesion between aggregate and asphalt binder.  
Morlife 5000 is a high performance liquid anti-strip additive which was produced 
and provided by the Dow Chemical Company. It eliminates the moisture damage of 
mixtures with the improvement of adhesive bond between aggregate and asphalt binder. 
2.2. Hveem Mix Design 
California and Nevada follow the Hveem mix design method. In this method, the 
optimum binder content is selected on the basis of minimum film thickness and minimum 
stability. Firstly, an optimum film thickness capable of coating each aggregate particle with 
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the highest durable mix is required. Secondly, it requires a stable mix capable of resisting 
traffic loading. The internal friction between aggregate particles and cohesion created by 
the asphalt binder generates this stability (12).  
  Hveem mix design was conducted for all mixtures following NDOT Type 2 C and 
Caltrans Type A specifications for heavy traffic with 19 mm nominal maximum aggregate 
size. In both stages 1 and 2, 9 HMA mixtures and 18 WMA mixtures were evaluated as 
presented in Table 1. Mixtures without anti-strip agents are named untreated mixes, 
whereas mixtures with anti-strip agents (lime or liquid anti-strip) are named lime-treated 
and liquid-treated mixes, respectively. Figures 12 - 20 show the summary of all mix designs 
conducted for WMA-foamed mixtures for stage 2.  
Both NDOT and Caltrans require a minimum Hveem stability of 37 to resist 
deformation (Nev T303/ CTM 366) for heavy traffic and a minimum unconditioned 
indirect tensile strength (Nev 341) of 65 psi along with a minimum tensile strength ratio 
(Nev 341/ CTM 371) of 70%. 
A viscosity range of 0.28±0.03 Pa.s was used to determine mixing temperatures for 
HMA with the help of AVTS (viscosity temperature susceptibility chart). At this mixing 
temperature, two replicate specimens at four different asphalt binder contents were mixed, 
short-term conditioned for 16±1 hours at 140˚F and then compacted at 230˚F using the 
Hveem kneading compactor. Finally, the samples were leveled with a load of 12,600 psi 
after conditioning them for 1.5 hours at 140˚F. The leveled specimen were kept in an oven 
for 3-4 hours at 140˚F before testing in a stabilometer. The Hveem stabilometer measures 
the resistance to deformation of a compacted specimen under increasing vertical load. The 
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stabilometer value ranges from 0 to 90. The stability of liquid and an incompressible solid 
are 0 and 90, respectively. 
NCHRP report 691, “Mix Design Practices for Warm Mix Asphalt”, was used to 
determine mixing temperatures for WMA mixtures. Mixing and compaction temperatures 
were determined with the verification of coating and compactability at optimum binder 
content. 
2.2.1. Aggregate Coating of Asphalt Mixtures 
The aggregate coating was tested following AASHTO T 195, “Standard Test 
Method for Determining Degree of Particle Coating of Bituminous-Aggregate Mixtures”. 
At first, the samples were mixed at optimum binder content and minimum mixing 
temperature. Then, the samples were sieved on a No. 4 sieve immediately after mixing and 
then all coarse particles were examined carefully. The coating criterion is fulfilled if at 
least 95% of coarse particles are fully coated. 
2.2.2. Compactability of Asphalt Mixtures 
The compactability of asphalt mixtures is defined as the ratio of gyrations needed 
to reach 92 percent relative density at 55°F below the planned compaction temperature 
over the gyrations needed to reach same relative density at the planned compaction 
temperature. The samples were compacted at Ndesign of 125 gyrations to represent heavy 
traffic level i.e. greater than 30 million ESALs measuring 110-120mm in height and 
150mm diameter (Table 2). Two samples of each replicates were compacted at proposed 
compaction temperature and 55°F below planned compaction temperature using the 
Superpave gyratory. Figure 21 shows the average number of gyrations for WMA foamed 
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mixtures and Table 7 shows the summary of compactability tests. For each specimen, the 
corrected relative densities for each gyration were computed using Equation 1: 
%𝐺𝑚𝑚𝑁 = 100 𝑥 (
𝐺𝑚𝑏 𝑋 ℎ𝑑
𝐺𝑚𝑚 𝑋 ℎ𝑁
)    Equation 1  
where: 
%GmmN: relative density at N gyrations; 
Gmb: bulk specific gravity of the specimen compacted to Ndesign gyrations; 
hd: height of the specimen after Ndesign gyrations, from the gyratory compactor, mm; and 
hN: height of the specimen after N gyrations, from the gyratory compactor, mm. 





                                          Equation 2 
 where: 
(N92)T-30: gyrations to reach 92% relative density at 30°C below the planned compaction 
temperature; and 
(N92)T: gyrations to reach 92% relative density at the planned compaction temperature. 
2.2.3. Evaluating Moisture Susceptibility of Mixtures in terms of TSR 
The evaluation of moisture susceptibility of mixtures were conducted according to 
Nev. T341D standard procedure.  This test involves the measurement of change in tensile 
strength from the effects of water saturation and accelerated water conditioning with a 
freeze-thaw cycle. This test is also a part of the mix design. This test involves curing the 
loose mixed samples for 15±3 hours at 140±5˚F and then compacted with the kneading 
compactor to 7±0.5% air voids at 230±5˚F. The number of tamps, foot pressure and 
leveling load are adjusted to get the desired air voids.  
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The specimens were then divided into unconditioned and conditioned subsets. The 
unconditioned subset involved keeping the specimen in an environmental chamber at 77± 
1˚F until it was tested. The conditioned subset was subjected to vacuum saturation of 70-
80% followed by freezing at -18oC for 16 hours and then thawing in a 60oC water bath for 
24 hours. Finally, the specimens were kept in a 25oC water bath for 2 hours prior to indirect 
tensile strength testing. The specimens were loaded along their diameter at a rate of 2 
in/min; the peak load at failure is measured and the indirect tensile strength is calculated 
using Equation 3: 
St = 2P/( t D)   Equation 3  
Where: 
St: indirect tensile strength; 
P: peak load; and 
D, t: specimen diameter and thickness. 
The TSR is calculated as a ratio of tensile strength of the conditioned specimens 
over the unconditioned specimens. NDOT specification requires minimum tensile 
unconditioned tensile strength of 65 psi and a minimum TSR of 70%. The addition of liquid 
anti-strip agents to the binder or mineral admixtures reduces the moisture damage of the 
mixtures. 
2.3. Resistance to Moisture Damage of the mixtures in terms of ECR 
Dynamic modulus is defined by the stress-strain relationship under continuous 
sinusoidal load at different combinations of loading rates and temperatures. It is used to 
characterize the mechanical behavior of viscoelastic materials which are time-temperature 
dependent. The dynamic modulus (E*) test was conducted at frequencies of 25, 10, 5, 0.5, 
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0.1 Hz and at temperatures of 4, 21, 38, and 55°C as specified by AASHTO TP 62 for all 
mixtures except WMA Foamed mixtures. 
For WMA Foamed mixtures, the dynamic modulus (E*) test was conducted at 
frequencies of 10, 1, 0.1, 0.01 Hz (0.01 Hz was tested only at 40°C) and at temperatures of 
4, 20 and 40°C following AASHTO TP 79 standard procedure. A dynamic modulus master 
curve is developed for the tested samples following the AASHTO PP 61 standard 
procedure. The dynamic modulus master curve is fitted with the sigmoidal function which 
is given in Equation 4.The sigmoidal model parameters were determined using the solver 
function in Microsoft Excel. 
log |𝐸 ∗ | = 𝛿 +
𝛼
1+𝑒𝛽+𝛾𝑙𝑜𝑔𝑓𝑟
                             Equation 4 
where: 
|E*|: dynamic modulus, psi; 
α, β, γ, and 𝛿: sigmoidal fitting parameters; and 
fr: reduced frequency at reference temperature, Hz. 
As noted earlier, residual moisture, which is entrapped inside the aggregates, is a 
major concern for WMA mixtures. Therefore, the moisture susceptibility of the mixtures 
were assessed by measuring the dynamic modulus of samples at 0, 1, and 6 F-T cycles. 
Evaluation of WMA mixtures with anti-stripping agents were also conducted to determine 
the moisture susceptibility of the mixtures. 
All the HMA samples were short-term conditioned for 4 hours at 275˚F before 
compaction following AASHTO R 30 standard procedure, whereas all the WMA mixtures 
were short-term conditioned for 2 hours at compaction temperature following NCHRP 9-
43 report. The dynamic modulus specimen was compacted in a gyratory compactor for a 
target air void content of 7±0.5%.  
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The specimens were then divided into unconditioned and conditioned subsets. The 
unconditioned subset was kept in an environmental chamber at 77±1°F until it was tested. 
The conditioned subset was subjected to vacuum saturation of 70-80% followed by 
freezing at -18°C for 16 hours and then thawing in a 60°C water bath for 24 hours. Finally, 
the specimens were kept in a water bath at 25°C for 2 hours. This completed the 1F-T 
cycle. For multiple F-T cycles, all the processes were repeated again except for the 
saturation process. All un-treated mixtures were subjected to 1 and 6 F-T cycles. However, 
treated mixtures were subjected only to 6 F-T cycles. 
2.4. Resistance to Permanent deformation 
The flow number test was conducted according to AASHTO TP 79 – 11 standard 
procedure. It defines the flow number as the number of load cycles corresponding to a 
minimum rate of change of permanent deformation. Permanent deformation is seen only 
in the early stage of a pavement life in the form of rutting or shoving. Shoving is a localized 
longitudinal displacement of a pavement surface.  It is usually seen in curves and 
intersections when heavy vehicles accelerate or stop suddenly. Rutting is a longitudinal 
surface depression in the wheel path caused by heavy repeated loading. The depression of 
the top layer or subgrade layer leads to rutting on the surface. 
Specimens were prepared in a similar manner to the dynamic modulus specimens 
as discussed earlier. All the specimens were tested in the Asphalt Mixture Performance 
Tester (AMPT) machine at 58°C. The testing temperature was computed using LTTP Bind 
Version - 3.1 software with 50% reliability at a depth of 20 mm from top surface. The test 
was conducted as an unconfined test with a repeated deviatoric stress of 600 kPa. The 
specimen is subjected to a repeated haversine axial compressive load of 0.1 second loading 
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followed by 0.9 seconds rest period until it reaches 20,000 cycles or 50,000 microstrains, 
whichever is earlier. The Francken model was used to determine the flow number with 
Equation 5: 
εp = AN
B + C(eDN − 1)     Equation 5                          
where: 
εp: permanent axial strain; 
N: number of loading cycles; and 
A, B, C, and D: fitting coefficients. 
The first derivative of Equation 5, with respect to number of loading cycles, gives 
the strain rate. The second derivative of Equation 5 with respect to each cycle, gives the 
rate of change of the slope of permanent axial strain. The point at which the rate of change 
of the slope changes its sign is defined as the flow number. This point is the beginning of 
tertiary stage.  
2.5. Resistance to Fatigue cracking 
Fatigue cracking is caused by repeated heavy traffic loading. For thin pavements, 
the crack initiates at the bottom of asphalt concrete layer and propagates towards the top 
surface. For thick pavements, top-down crack is most common. This crack occurs due to 
high tensile stress developed at tire-pavement interface and oxidation of asphalt binder. 
Un-treated mixtures from stage 1 and all the mixtures from stage 2 were subjected to a 
flexural beam fatigue test following the ASTM D7460-10 standard test. 
The beam fatigue specimens were compacted using the California kneading 
compactor following ASTM D 3202-94 standard procedure. All the samples were 
compacted in two layers with each lift subjected to a foot pressure of 75 and 100 psi. Then, 
the compacted samples were leveled in a compression testing machine at a rate of 0.25 
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in./min. The load required depends upon the air void content of the compacted specimen. 
Finally, the compacted specimens were long-term aged at 185˚F for 5 days as per AASHTO 
R 30 standard procedure.  
The aged specimens were then cut to final dimensions of 2.5x2x15 inches for 
testing purposes. The trimmed specimen was subjected to a four-point flexural bending 
with free rotation and horizontal translation at all loads and reaction points. The beam 
specimen was subjected to a cyclic haversine load with a frequency of 10 Hz. All of the 
mixtures were tested at three different strain levels.   
Tests were conducted at a temperature of 21.1°C, which represents the critical 
temperature for fatigue cracking. The loading frequency of 10 Hz represents highway 
repetitive loading conditions. The specimen stiffness at the 50th load cycle represents an 
initial stiffness and the number of cycles corresponding to a 50% reduction of this initial 
stiffness is defined as a number of cycles to failure. The maximum tensile stress is 




                                            Equation 6 
where: 
σt: maximum tensile stress, Pa; 
a: center to center spacing between clamps (0.119m); 
P: load applied by actuator, N; 
b: average specimen width, m; and 
h: average specimen height, m. 
The maximum tensile strain is calculated by measuring the displacement at the center 








δ: maximum deflection at center of the beam, m; 
εt: maximum tensile strain, m/m; 
a: space between inside clamps, (L/3= 0.119 m); 
L: length of beam between outside clamps (0.357 m); and 
h: average specimen height, m. 
The flexural beam stiffness is the ratio of maximum tensile stress over constant tensile 




        Equation 8                                            
The number of cycles to failure occurs at the maximum or peak value of Normalized 




                                                            Equation 9                                            
where: 
NM: normalized modulus x cycles, Pa/Pa; 
Si: flexural beam stiffness at cycle-i, Pa; 
Ni: cycles i; 
S0: initial flexural beam stiffness (estimated at approximately 50 cycles), Pa; and 
N0: actual cycle number where initial flexural beam stiffness is estimated. 
One-stage Weibull survivor function is used to extrapolate the failure point when tested 
at low strain levels. At this strain level, the peak value of NM x Cycles exceeds the duration 
and the failure point can be extrapolated using Equation 10: 
ln(− ln(SR)) = γ x ln(N) + ln (λ)                                             Equation 10                                            
where: 
ln(-ln(SR)): natural logarithm of the negative of the natural logarithm of SR; 
SR: flexural beam stiffness ratio, beam stiffness at cycle i / initial beam stiffness; 
N: number of cycles; 
γ: slope of the linear regression of the ln(-ln(SR)) versus ln(N); and 
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ln(λ): intercept of the linear regression of the ln(-ln(SR)) versus ln(N). 
The failure point is estimated by solving Equation 10 for the number of cycles where 
SR equal to 0.5 or 50% initial beam stiffness. The fatigue life of mixtures can also be 

















     Equation 11                                            
where: 
 Nf: number of load repetitions to fatigue damage (fatigue life); 
 t: applied tensile strain at the bottom of HMA; and 
 k1 and k2: regression coefficients.   
2.6. Mechanistic Analysis  
A mechanistic analysis was conducted to evaluate the fatigue cracking performance 
of the evaluated mixtures when used in the asphalt concrete layer of a flexible pavement. 
The 3-D Move version 2.1 software was used to conduct the mechanistic analysis. 
Mechanistic analyses were conducted on thin (4 inches) and thick (8 inches) asphalt 
pavement structures using dynamic modulus (E*) and RTFO aged asphalt binder properties 
to determine the maximum tensile strain at the bottom of the asphalt concrete layer. The 
fatigue life was estimated from the beam fatigue prediction model developed from the 
laboratory flexural beam fatigue test and the calculated maximum tensile strain at the 
bottom of asphalt concrete layer from the software. 
Both pavement structures were subjected to static and dynamic analysis. For the 
static analysis, vehicle speed was assumed to be 0 mph whereas for the dynamic analysis, 
the vehicle speed was assumed to be 40 mph. The maximum tensile strain at the bottom of 
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the asphalt concrete layer was chosen from the pavement response at three critical 
positions; under tire center, at the tire edge and in between the dual tires. 
The 3D-Move input data for dynamic and static analysis are shown in Table 9 -
Table 20.The static analysis includes following assumptions for different pavement layer 
properties: 
A. Asphalt Layer 
 Layer thickness: 4 inches (thin pavement) and 8 inches (thick pavement) 
 Material Type: Linear Elastic Material Properties 
 Elastic Modulus: Dynamic Modulus determined from the master curve at 
70˚F and at frequencies of 30 Hz (thin pavement) and 10 Hz (thick pavement) 
 Poisson’s Ratio: 0.35  
B. Unbound base layer: 
 Layer thickness: 6 inches (thin pavement) and10 inches (thick pavement) 
 Elastic Modulus: 25000 psi 
 Poisson’s Ratio: 0.4 
C. Subgrade Layer: 
 Layer thickness: 240 inches  
 Elastic Modulus: 7000 psi 
 Poisson’s Ratio: 0.45 
The frequencies were selected using the AASHTO Guide for Mechanistic-
Empirical Design for the static analysis of two pavement structures. The dynamic analysis 
includes super-pave binder test data and dynamic modulus values at different temperatures 
and frequencies. Thus, the pavement response was computed using the dynamic modulus 
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master curve developed for each mixture. The damping ratio was assumed to be 5% for the 
base and subgrade layers. 
The maximum tensile strains at the bottom of the asphalt concrete layers from static 
and dynamic analyses for each pavement structure are shown in Figures 95, 97, 99 and 
101. Both pavement structures showed higher tensile strains for the dynamic analysis  
compared to static analysis. This leads to a more conservative design while using 
all dynamic modulus values and binder data along with damping property.   
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CHAPTER 3 LABORATORY EVALUATIONS  
3.1. Hveem Mix Designs 
Table 4, 5 and 6 show summary of mix designs using different additives or 
technology and binders.  No reduction in optimum binder content (OBC) was observed for 
Advera and Sasobit WMA mixtures as compared to the HMA mixture. 
 Neat PG64-22 Mixtures (Table 4): All WMA additives had similar reductions in 
mixing temperature in the range of 43 to 53°F. Untreated and lime-treated 
Evotherm WMA mixtures exhibited OBC from 5.7 to 5.4% and 5.7 to 5.2%, 
respectively. Untreated and lime-treated Foaming WMA mixtures exhibited 
reduced OBC from 5.7 to 5.5% and 5.7 to 5.2%, respectively. The liquid-treated 
mixtures showed minor reduction in OBC with the WMA additives. 
 Polymer-Modified Mixtures PG64-28NV/PM (Table 5):  WMA additives reduced 
the mixing temperature by: Advera 30°F, Sasobit 35°F, Evotherm 45°F, and 
Foaming 55°F. All the WMA mixtures had a minor reduction in OBC as compared 
to HMA except the un-treated Foaming WMA mixture which reduced the OBC 
from 5.8 to 5.4%. 
 Tire Rubber-Modified Mixtures (Table 6): WMA additives reduced the mixing 
temperature by: Advera 45°F, Sasobit 40°F, Evotherm 45°F, and Foaming 50°F. 
Lime and liquid-treated Evotherm WMA mixtures exhibited reduced OBC from 
5.6 to 5.0% and 5.7 to 5.3%, respectively. The Foaming WMA mixtures had a 
minor reduction in OBC. 
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3.2. Evaluating Moisture Susceptibility of the Mixtures in terms of TSR 
Figure 22 to 25 demonstrate conditioned and unconditioned tensile strengths of 
untreated, lime-treated, and liquid-treated asphalt mixtures. All the untreated mixtures met 
the NDOT minimum criteria of 65 psi unconditioned tensile strength at 77oF and 70% TSR, 
except the PG64-22 and PG64-28NV/PM HMA mixtures which failed the TSR 
specifications. All the treated mixtures met minimum criteria for both TS of un-conditioned 
samples and TSR. 
A statistical analysis was conducted to evaluate the effect of one freeze-thaw cycle 
on the tensile strength of the asphalt mixtures. A pair-wise mean comparative analysis was 
carried out at a 0.05 significance level in order to determine whether there was any 
statistical difference between the mean TS of various mixtures as shown in Table 21. The 
following conclusions can be made on the basis of the ANOVA data analysis. 
Untreated mixtures: 
 For PG64-22 mixtures, the addition of Evotherm did not significantly influence the 
unconditioned TS but Foaming resulted in significantly lower unconditioned TS. 
Evotherm and Foaming showed significantly higher conditioned TS values. 
 For PG64-28NV/PM mixtures, Evotherm and Foaming did not significantly 
influence the unconditioned and conditioned TS values.  
 For PG64-28NV/TR mixtures, Evotherm and Foaming resulted in significantly 
higher unconditioned and conditioned TS values. Foaming showed highest both 




 For PG64-22 mixtures, Evotherm and Foaming resulted in significantly higher 
unconditioned TS values. The addition of Evotherm did not significantly influence 
conditioned TS but Foaming showed significantly higher conditioned TS. 
 For PG64-28NV/PM mixtures, Foaming did not significantly influence 
unconditioned TS but Evotherm resulted in significantly higher unconditioned TS. 
The addition of Evotherm did not significantly influence conditioned TS but 
Foaming showed significantly higher conditioned TS. 
 For PG64-28NV/TR mixtures, Again Evotherm and Foaming resulted in 
significantly higher unconditioned and conditioned TS values.  
Liquid-treated mixtures: 
 For PG64-22 mixtures, Foaming did not significantly influence unconditioned TS 
but addition of Evotherm resulted in significantly higher unconditioned TS. 
Foaming did not significantly influence conditioned TS but addition of Evotherm 
resulted in significantly lower conditioned TS. 
 For PG64-28NV/PM mixtures, Evotherm and Foaming did not significantly 
influence unconditioned TS values. Foaming did not significantly influence 
conditioned TS but addition of Evotherm resulted in significantly lower 
conditioned TS. 
 For PG64-28NV/TR mixtures, Evotherm did not significantly influence 
unconditioned TS but Foaming resulted in significantly higher unconditioned TS. 
The addition of Evotherm did not significantly influence conditioned TS but 
Foaming showed significantly higher conditioned TS. 
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In general, WMA mixtures showed similar or even better unconditioned and 
conditioned TS irrespective of types of binders, treatments and techniques being used. 
Furthermore, addition of 1% lime in Foaming technology showed better performance than 
Evotherm. The liquid anti-strip had a similar effect in both WMA mixtures. 
3.3. Resistance to Moisture Damage in terms of ECR 
3.3.1. Impact of residual moisture on untreated mixtures 
Table 8 demonstrates the residual moisture entrapped in the moist E* samples. 
Figure 26 -Figure 34 compare the master curves at 70˚F and 10 Hz for all untreated dry 
and moist mixtures. Figure 35 -Figure 37 summarize the E* and ECR ratio of dry and moist 
E* over their respective E* after 6 F-T cycles at 70˚F and 10 Hz for the untreated mixtures 
for Stage 2. All Mixtures with modified binders showed lower E* compared to mixtures 
with un-modified binder. A review of data in Figure 38 on the untreated mixtures leads to 
the following observations: 
PG64-22 mixtures: 
 WMA mixtures experienced highest drop in E* after 6 F-T for stage 1, while only 
moderate drop in E* was experienced for stage 2 after 6 F-T. 
 The residual moisture had a greatest influence in Advera mixtures while in Sasobit 
mixtures experienced a different behavior. The Sasobit mixture with residual 
moisture exhibited E* closer to HMA mixtures. 
 The WMA Advera with and without residual moisture showed the highest reduction 
in E*after 6 F-T cycles.   
 The HMA1 mixtures had lower E* ratios than Advera and Sasobit after 1F-T cycle 
but showed higher E* ratios after 6 F-T cycles. 
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 The WMA Sasobit without residual moisture compared to the HMA mixture 
showed equivalent E* up to 1 F-T cycle but it significantly decreased after 6 F-T 
cycles.  
 There is no significant impact of residual moisture in WMA Evotherm and Foaming 
mixtures. The residual moisture had only slight reduction in E* for Evotherm after 
1 F-T cycle but no impact on E* value compare to HMA mixtures after multiple F-
T cycles. 
 In general, the WMA Evotherm showed similar E* to the HMA mixtures at both 0 
and 6 F-T cycles. The WMA Foaming exhibited slightly lower E* than the HMA 
mixtures at 0 and 6 F-T cycles. 
PG64-28NV/PM mixtures: 
 All untreated WMA and HMA mixtures exhibited significant drop in E* after 6 F-
T cycles, except the WMA Foaming mixtures with residual moisture which showed  
no effect of 6 F-T cycles.  
 The residual moisture had a significant impact on E* property of WMA Advera, 
Sasobit and Evotherm. 
 The residual moisture didn’t affect WMA Foaming mixtures. Even though, the 
WMA Foaming showed lower un-conditioned E* compared to HMA mixtures, it 
was able to maintain E* after multiple F-T cycles. Compared to HMA mixtures, it 
maintained similar E* after 1F-T cycle. After 6 F-T cycles, it showed significantly 
higher E* compared to the HMA mixtures. 
 The WMA Sasobit with and without residual moisture exhibited higher E* than 
HMA mixtures.  
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 The WMA Evotherm exhibited lower E* at both unconditioned and conditioned 
mixtures than HMA mixtures. 
 The WMA Advera also showed lower E* at conditioned mixtures while its 
unconditioned E* was higher than HMA mixtures. 
PG64-28NV/TR mixtures: 
 All untreated WMA and HMA mixtures experienced significant drop in E* ratios 
after 6 F-T cycles. 
 The residual moisture had significant impact on E* property for WMA Evotherm, 
Foaming, Advera and Sasobit after 6 F-T cycles. All the unconditioned WMA 
mixtures with residual moisture showed higher E* than unconditioned WMA 
mixtures without residual moisture, except the WMA Evotherm. 
 The WMA Evotherm showed lower E* after 1 F-T cycle but it improved after 6 F-
T cycles relative to HMA mixtures. 
 The WMA Foaming showed lower E* than HMA mixtures at all 0, 1 and 6 F-T 
cycles.  
 The WMA Sasobit performed better than HMA mixtures at all 0, 1 and 6 F-T 
cycles.  
 The WMA Advera had lower E* than the HMA mixtures after 6 F-T cycles.  
From all the above observations, it can be concluded that Sasobit and Advera 
performed significantly better with modified binders. Evotherm and Foaming mixtures 
showed a close behavior using neat binder. Evotherm and Foaming mixtures maintained 
E* close to HMA mixtures after 6 F-T cycles. The residual moisture retained in the 
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aggregate had no effect on moisture damage of the Sasobit, Evotherm and Foaming 
mixtures while it significantly impacted Advera mixtures.   
3.3.2. Impact of Anti-strip Additives 
The impact of anti-strip additives was evaluated by comparing the E* at 0 and 6 F-
T cycles for the respective mixtures. The main purpose of this effort is to check whether or 
not the anti-strip additives improves the resistance of WMA mixtures to moisture damage. 
3.3.2.1. Analysis of the Impact of Anti-strip Additives: lime 
Figure 39 - Figure 41 compare the master curves at 70˚F and 10 Hz for all lime-
treated moist mixtures. Figure 42 summarizes the E* and ECR (i.e. E* at 6 F-T over dry 
E*) at 70˚F and 10 Hz for the lime-treated mixtures for both stages. The following 
observations were drawn for lime-treated mixtures:  
PG64-22 mixtures: 
 Lime-treated HMA1, WMA Advera and Sasobit experienced a moderate drop in 
E* after 6 F-T cycles. 
 Lime-treated HMA2, WMA Evotherm and Foaming experienced a minor drop in 
E* after 6 F-T cycles. 
 WMA Sasobit, Evotherm and Foaming showed similar E* to HMA at both 0 and 6 
F-T cycles. 
 WMA Advera exhibited lower E* than the HMA at both 0 and 6 F-T cycles. 
PG64-28NV/PM mixtures: 
 Lime-treated HMA1, HMA2 and WMA Sasobit experienced a moderate drop in 
E* after 6 F-T cycles. 
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 Lime-treated WMA Advera showed a minor drop in E* while the lime-treated 
WMA Evotherm and Foaming showed no drop in E* after 6 F-T cycles. 
 WMA Advera and Sasobit showed E* similar to HMA at both 0 and 6 F-T cycles. 
 WMA Evotherm and Foaming showed significantly lower dry E* than the HMA 
but similar E* to HMA after 6 F-T cycles.  
PG64-28NV/TR mixtures: 
 Lime-treated HMA1, Advera and Foaming experienced a minor drop in E* after 6 
F-T cycles. 
 Lime-treated HMA2, WMA Evotherm and Sasobit experienced a moderate drop in 
E* after 6 F-T cycles. 
 WMA Advera and Sasobit had E* value similar to HMA at both 0 and 6 F-T cycles. 
 WMA Evotherm and Foaming had E* value lower than HMA at both 0 and 6 F-T 
cycles. 
From the above observations, it can concluded that all the lime-treated Sasobit 
mixtures performed best irrespective of binder types while Advera performed better only 
with modified binders. Evotherm and Foaming mixtures exhibited a close behavior to 
HMA only with the neat binder. In addition, Foaming mixtures did not have any drop in 
E* after 6 F-T cycles. 
3.3.2.2. Analysis of the Impact of Anti-strip Additives: liquid anti-stripping agents 
Figure 43 - Figure 45 compare the master curves at 70˚F and 10 Hz for all liquid-
treated moist mixtures. Figure 46 summarizes the E* and ECR after 6 F-T cycles at 70˚F 




 All liquid-treated HMA and WMA mixtures experienced a significant drop in E* 
after 6 F-T cycles. 
 WMA Advera and Sasobit had E* similar to HMA, in both dry and after 6 F-T 
cycles. 
 WMA Evotherm and Foaming had E* lower than HMA, in both dry and after 6 F-
T cycles. E* for Foaming dropped significantly after 6 F-T cycles. 
PG64-28NV/PM mixtures: 
 All liquid-treated HMA and WMA mixtures experienced a significant drop in E* 
after 6 F-T cycles. 
 WMA Advera and Evotherm had E* similar to HMA, in both dry and after 6 F-T 
cycles.  
 WMA Sasobit exhibited higher E* than HMA while the WMA Foaming exhibited 
lower E* than HMA, in both dry and after 6 F-T cycles. 
PG64-28NV/TR mixtures: 
 All liquid-treated HMA and WMA mixtures experienced a significant drop in E* 
after 6 F-T cycles. 
 WMA Sasobit exhibited higher E* than HMA while the WMA Foaming exhibited 
lower E* than HMA, in both dry and after 6 F-T cycles. 
 WMA Advera and Evotherm had E* lower than HMA, in both dry and after 6 F-T 
cycles condition.  
From the above observations, it can be concluded that all liquid-treated Sasobit 
performed similar or even better than the HMA mixtures while Advera showed only a close 
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behavior with neat and polymer-modified binders. Evotherm showed a similar trend to the 
HMA mixtures using modified binders. Additionally, Foaming mixtures showed the lowest 
E* for all conditioned and unconditioned mixtures. Figure 47 -Figure 49 show E* and ECR 
with residual moisture after 0 and 6 F-T cycles for all types of treatment for stage 1. Figure 
50-Figure 52 show E* and ECR with residual moisture after 0 and 6 F-T cycles for all types 
of treatment for stage 2. The lime-treatment significantly improved the resistance to 
moisture damage while the liquid-treatment showed no improvement in resistance to 
moisture damage with any binder type. 
3.4. Resistance to Permanent deformation 
Mixtures with modified binders showed higher FN compared than mixtures with 
unmodified binders. Addition of lime improved the resistance of untreated mixtures to 
permanent deformation. HMA2 mixture showed higher FN than the WMA Evotherm. 
WMA foaming showed the lowest FN. A pair-wise mean comparative analysis was carried 
out at 0.05 significance level in order to determine whether there was any statistical 
difference between the FN of various mixtures as shown in Table 22. Figure 53 - Figure 
55 show the summary of FN results for stage 2. Figure 56 and Figure 57 summarize the 
FN results for both stages. 
Untreated mixtures: 
 For PG64-22 and PG64-28NV/PM mixtures, Evotherm and Foaming resulted in 
significantly lower FN.  
 For PG64-28NV/TR mixtures, the WMA additive Evotherm did not significantly 




 For PG64-22 mixtures, Evotherm and Foaming resulted in significantly lower FN.  
 For PG64-28NV/PM and PG64-28NV/TR mixtures, the WMA additive Evotherm 
did not significantly influence FN but Foaming resulted in significantly lower FN.  
Liquid-treated mixtures: 
 For PG64-22, PG64-28NV/PM and PG64-28NV/TR mixtures, Evotherm and 
Foaming resulted in significantly lower FN.  
Based on the FN results presented in Figure 56 andFigure 57, following observations 
were drawn for all mixtures: 
PG64-22 mixtures: 
 Liquid-treated WMA Sasobit mixtures showed lower FN compared to their 
corresponding HMA mixture unlike the untreated and lime-treated Sasobit 
mixtures which exhibited higher FN. 
 Both (lime and liquid) treated WMA Advera mixtures showed lower FN compared 
to their corresponding HMA mixtures while the untreated Advera mixture had FN 
closer to the HMA1 mixture. 
 Both WMA Evotherm and Foaming mixtures showed a slightly lower FN 
compared to the HMA2 mixtures. 
 WMA Foaming mixtures had the lowest FN among all mixtures.  
 Anti-stripping agents did not significantly improve the FN, except in liquid-treated 




 WMA Sasobit showed higher FN than HMA1 mixtures while the WMA Advera 
showed lower FN than the HMA1 mixtures. Lime-treated Sasobit mixtures had the 
highest FN.  
 Untreated and lime-treated WMA Advera mixtures showed lower FN compared to 
the HMA1 mixtures while the liquid-treated Advera mixture had a comparable FN 
to the HMA1 mixture. 
 Both WMA Evotherm and Foaming mixtures showed significantly lower FN 
compared to the HMA2 mixtures. Again, Foaming mixture showed the lowest FN. 
 For all mixtures, the addition of lime significantly increased the FN while the 
liquid-treated mixtures showed only a minimal improvement in FN. 
PG64-28NV/TR mixtures: 
 The lime-treated HMA1, WMA Advera and Sasobit mixtures exhibited 
significantly higher FN than their corresponding untreated and liquid-treated 
mixtures. Moreover, Advera performed better than HMA with tire-rubber modified 
binder. 
 Untreated and liquid-treated WMA Advera and Sasobit mixtures exhibited a higher 
FN compared to their corresponding HMA1 mixtures while the lime-treated Advera 
and Sasobit mixtures showed significantly lower FN than HMA1 mixture. 
  Lime-treated HMA2, WMA Evotherm and Foaming mixtures showed a minor 
improvement in FN compared to untreated and liquid-treated mixtures. 
 Liquid-treated WMA Evotherm and Foaming demonstrated significantly lower FN 
than their corresponding HMA2 mixtures. Nevertheless, untreated and lime-treated 
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WMA Evotherm exhibited FN comparable to HMA2 mixture. Again, Foaming 
mixture performed the worst in this condition as well. 
3.5. Resistance to Fatigue cracking 
All the mixtures were tested at high, intermediate and low strain levels (800, 600 
and 400 microstrains) in order to develop beam fatigue prediction models. Figure 58 -
Figure 75 show the complete fatigue behavior of stage 2 mixtures. 
Untreated Mixtures: 
Figure 58 shows the beam fatigue comparison for PG64-22 untreated asphalt 
mixtures. All the mixtures showed a similar fatigue resistance at higher strain levels. 
Nevertheless, Evotherm and Foaming have higher fatigue resistance than HMA mixtures 
at lower strain levels. In general, it can be observed that WMA mixtures showed better 
resistance to fatigue cracking than HMA mixtures. Figure 59 shows the beam fatigue 
comparison for PG64-28NV/PM untreated asphalt mixtures. At high strain levels, 
Evotherm and HMA mixtures showed similar fatigue resistance whereas at low strain 
levels Evotherm performed better than HMA mixtures. Foaming exhibited a lower 
resistance to fatigue cracking compared to all other mixtures. The polymer-modified 
asphalt mixtures exhibit improved fatigue life compared to neat asphalt mixtures. Figure 
60 shows the beam fatigue comparison for PG64-28NV/TR untreated asphalt mixtures. At 
high strain levels, Evotherm and Foaming exhibited slightly lower fatigue resistance 
compared to HMA mixtures. Unlike other trends with PG64-22 and PG64-28NV/PM 
mixtures, Evotherm had lower fatigue resistance than HMA at high strain levels. Compared 
to all untreated mixtures, Evotherm showed comparable fatigue resistance to HMA 
mixtures at all the strain levels. 
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Figure 61 shows the beam fatigue comparison for all untreated HMA mixtures 
using neat, polymer modified and rubber modified asphalt binders. It can be concluded that 
modified binders (PG64-28NV/PM and PG64-28NV/TR) significantly improved the 
fatigue resistance compared to the neat binder. Figure 62 compares the fatigue behavior for 
all untreated Evotherm mixtures with neat, polymer modified, and rubber modified asphalt 
binders. Similar to HMA mixtures, polymer and tire-rubber modified binders significantly 
improved fatigue performance at all strain levels. Evotherm performed the best with 
polymer modified binders in improving the fatigue resistance to cracking. Figure 63 shows 
the beam fatigue comparison for all untreated Foaming mixtures using neat, polymer 
modified and rubber modified asphalt binders. Similar to HMA and Evotherm mixtures, 
Foaming mixtures also showed improved fatigue resistance for the mixtures with modified 
binders. The tire rubber-modified showed similar fatigue resistance at high strain levels 
compared to polymer-modified mixtures. 
Lower mixing and compaction temperatures of WMA mixtures with the addition of 
chemical additives or water technology played an important role in improving fatigue life. 
Moreover, WMA mixtures were cured for only two hours at WMA compaction 
temperature whereas HMA mixtures were cured for four hours at 275ºF prior to 
compaction. This reduces the impact of short-term aging on WMA mixtures. 
In conclusion, Foaming mixtures performed similar or better than all other mixtures 
with PG64-22 binder, whereas Evotherm mixtures performed significantly better than all 




Figure 64 shows the beam fatigue comparison for PG64-22 lime-treated asphalt 
mixtures. It can be observed that the relative fatigue behavior of various mixtures is not 
quite apparent. Evotherm and Foaming demonstrated higher fatigue behavior than HMA 
mixtures at lower strain levels, while poor fatigue resistance at higher strain levels than 
HMA mixtures. In general, it can be summarized that all PG64-22 lime-treated WMA 
mixtures exhibited fatigue resistance comparable to HMA mixtures. Figure 65 shows the 
beam fatigue comparison for PG64-28NV/PM lime-treated asphalt mixtures. Evotherm 
exhibited similar fatigue behavior compared to HMA at all strain levels. Foaming showed 
poor fatigue resistance at the higher strain level. It can be clearly seen that the polymer-
modified asphalt mixtures improved the fatigue life compared to neat asphalt mixtures. 
Figure 66 shows the beam fatigue comparison for PG64-28NV/TR lime-treated asphalt 
mixtures. Evotherm had similar fatigue performance to HMA mixtures at high strain levels, 
whereas slightly lower fatigue performance at lower strain levels. The Foaming WMA 
mixture exhibited the lowest resistance to fatigue cracking among all lime-treated mixtures. 
 Figure 67 shows the beam fatigue comparison for all lime-treated HMA mixtures 
using neat, polymer modified, and rubber modified asphalt binders. It can be concluded 
that modified binders (PG64-28NV/PM and PG64-28NV/TR) significantly improved the 
fatigue resistance compared to the neat binder. Figure 68 shows the beam fatigue 
comparison for all lime-treated Evotherm mixtures using neat, polymer-modified, and 
asphalt rubber-modified asphalt binders. Similar to HMA mixtures, modified binders 
significantly improved fatigue performance at all strain levels. Again, Evotherm performed 
the best with polymer modified binders in controlling fatigue damage at all strain levels. 
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Figure 69 shows the beam fatigue comparison for all lime-treated Foaming mixtures using 
neat, polymer-modified, and rubber-modified asphalt binders. Similar to HMA and 
Evotherm mixtures, modified Foaming mixtures also showed improved fatigue resistance.   
In conclusion, Evotherm mixtures showed similar fatigue behavior to HMA mixtures 
at higher strain levels. Foaming mixtures demonstrated lower fatigue resistance compared 
to other lime-treated mixtures.  
Liquid-treated Mixtures: 
Figure 70 shows the beam fatigue comparison for PG64-22 liquid-treated asphalt 
mixtures. Evotherm and Foaming demonstrated similar or even better fatigue life than 
HMA mixtures at higher strain levels, while lower fatigue resistance at lower strain levels 
than HMA mixtures. In overall, it can be summarized that Evotherm exhibited better 
fatigue resistance than Foaming at all strain levels. Figure 71 shows the beam fatigue 
comparison for PG64-28NV/PM liquid-treated asphalt mixtures. At higher strain levels, 
Evotherm exhibited higher resistance to fatigue cracking than HMA mixtures while 
significantly lower fatigue resistance at lower strain levels. Foaming showed significantly 
lower fatigue life compared to other liquid-treated mixtures. The polymer-modified asphalt 
mixtures showed improved fatigue life compared to neat asphalt mixtures. Liquid-treated 
Evotherm mixtures performed better than their respective untreated and lime-treated 
mixtures. Figure 72 shows the beam fatigue comparison for PG64-28NV/TR liquid-treated 
asphalt mixtures. Evotherm showed similar fatigue performance to HMA mixtures at high 
strain levels, while significantly lower fatigue performance at lower strain levels. Again, 




Figure 73 shows the beam fatigue comparison for all liquid-treated HMA mixtures 
using neat, polymer-modified, and rubber-modified asphalt binders. It can be concluded 
that with modified binders, a significant improvement in fatigue behavior was observed in 
comparison to the neat binder. Figure 74 shows the beam fatigue comparison for all liquid-
treated Evotherm mixtures using neat, polymer-modified and rubber-modified asphalt 
binders. Similar to HMA mixtures, polymer and tire-rubber modified binders significantly 
improved fatigue performance at all strain levels. Again, Evotherm performed the best with 
the polymer-modified binder in controlling fatigue damage at higher strain levels. Figure 
75 shows the beam fatigue comparison for all liquid-treated Foaming mixtures using neat, 
polymer-modified and rubber-modified asphalt binders. Similar to HMA and Evotherm 
mixtures, Foaming mixtures also showed improved fatigue resistance for the mixtures with 
modified binders.  
In conclusion, Evotherm mixtures exhibited similar or better fatigue behavior than 
other mixtures at high strain levels while lower fatigue performance at lower strain levels 
compared to HMA mixtures. Again, liquid-treated Foaming mixtures showed the lowest 
fatigue compared to other liquid-treated mixtures. 
3.6. Mechanistic Analysis  
As mentioned earlier, stage 1 conducted mechanistic analysis of HMA1, WMA 
Advera, and WMA Sasobit for untreated mixtures. A screen shot of 3D Move loading 
inputs is shown in Figure 76 - Figure 78 compare the calculated tensile strains at the bottom 
of the asphalt concrete layer for each pavement structure using static and dynamic analyses 
for stage 1. It also shows that the calculated maximum tensile strains from the dynamic 
analysis are greater than static analysis for both pavement structures and for all untreated 
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asphalt mixtures. Both maximum tensile strains and k2 of the mix has a significant effect 
on the fatigue performance of the pavement. Figure 77 - Figure 79 present E* values and 
k2 factor for static analysis of stage 1. Figure 80, Figure 85 and Figure 90 present E* values 
for static analysis of stage 2. Figure 79, Figure 87 and Figure 92 represent k2 factors for 
static analysis of stage 2. Figure 83, Figure 84,Figure 88, Figure 89,Figure 93 and Figure 
94 present the number of repetitions to fatigue failure for thick and thin pavements. A 
review of the data in Figure 95 leads to following conclusions for stage 1. 
Untreated Mixtures: 
 PG64-22 untreated asphalt mixtures: For both pavement structures, the WMA 
Sasobit mixtures showed highest tensile strain, followed by the WMA Advera and 
HMA1 mixture. 
 PG64-28NV/PM untreated asphalt mixtures: the WMA Advera and Sasobit 
mixtures showed lower tensile strains compared to HMA1 mixture. 
 PG64-28NV/TR untreated asphalt mixtures: the WMA Advera and Sasobit 
mixtures showed similar tensile strains compared to HMA1 mixture. 
The fatigue life of each pavement structure was determined from the calculated 
tensile strains and mixture-specific beam-fatigue models. Figure 96 shows the fatigue life 
for stage 1 with the following observations: 
 PG64-22 untreated asphalt mixtures: the WMA mixtures demonstrated 
significantly lower fatigue life compared to HMA1 mixture. 
 PG64-28NV/PM untreated asphalt mixtures: Polymer modified binder improved 
the fatigue life for both WMA mixtures but still lower than HMA1 mixture. 
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 PG64-28NV/TR untreated asphalt mixtures: Rubber modified binder exhibited 
similar fatigue life for WMA mixtures and HMA1 mixture. 
Stage 2 conducted mechanistic analysis of HMA2 with WMA Evotherm and WMA 
Foaming for untreated and treated mixtures. Figure 97, Figure 99 and Figure 101 compare 
the calculated tensile strains at the bottom of asphalt concrete layer for each pavement 
structure from static and dynamic analyses for stage 2. Figure 97 shows the calculated 
maximum tensile strains from the dynamic analysis are greater than static analysis for both 
pavement structures and for all untreated asphalt mixtures.  Following conclusions can be 
drawn from these calculated strains. 
Untreated Mixtures: 
 PG64-22 untreated asphalt mixtures: the WMA Evotherm and Foaming mixtures 
showed similar tensile strains compared to HMA2 mixture. 
 PG64-28NV/PM untreated asphalt mixtures: the WMA Foaming mixtures showed 
highest tensile strain, followed by the WMA Evotherm, and HMA2 mixtures. 
 PG64-28NV/TR untreated asphalt mixtures: the WMA Foaming showed slightly 
greater tensile strains than HMA2 mixture while the WMA Evotherm showed 
similar tensile strain compared to HMA2 mixture. 
The fatigue life of each pavement structure was determined from these calculated 
tensile strains and mixture-specific beam-fatigue models. Figure 98 shows the fatigue life 
for stage 2 with the following observations: 
 PG64-22 untreated asphalt mixtures: the WMA mixtures showed similar fatigue 
life to HMA2 mixture. 
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 PG64-28NV/PM untreated asphalt mixtures: Polymer modified binder maintained 
similar fatigue life for WMA Evotherm and HMA2 mixture whereas it lowered 
fatigue life for WMA Foaming compared to HMA2 mixture. 
 PG64-28NV/TR untreated asphalt mixtures: Rubber modified binder maintained 
similar fatigue life for WMA Evotherm and HMA2 mixture whereas it lowered 
fatigue life for WMA Foaming compared to HMA2 mixture. 
Lime-treated Mixtures: 
Figure 99 shows the calculated maximum tensile strains from the dynamic analysis 
are also greater than static analysis for both pavement structures and for all lime-treated 
asphalt mixtures. Following conclusions are drawn from the calculated strains: 
 PG64-22 lime-treated asphalt mixtures: the WMA Evotherm and Foaming lime-
treated mixtures showed similar tensile strains to HMA2 mixture. 
 PG64-28NV/PM lime-treated asphalt mixtures: the WMA Foaming lime-treated 
mixtures showed highest tensile strain, followed by the lime-treated WMA 
Evotherm and HMA2 mixtures. 
 PG64-28NV/TR lime-treated asphalt mixtures: the WMA Foaming lime-treated 
mixtures showed slightly greater tensile strains than HMA2 mixture while the lime-
treated WMA Evotherm showed similar tensile strain to HMA2 mixture. 
The fatigue life of each pavement structure was determined from the calculated 
tensile strains and mixture-specific beam-fatigue models. Figure 100 shows the fatigue life 
for stage 2 with the following observations: 
 PG64-22 lime-treated asphalt mixtures: the WMA lime-treated mixtures exhibited 
slightly better fatigue life compared to HMA2 mixture. 
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 PG64-28NV/PM lime-treated asphalt mixtures: the WMA lime-treated mixtures 
demonstrated significantly lower fatigue life compared to HMA2 mixture but better 
performance than with neat binder. 
 PG64-28NV/TR lime-treated asphalt mixtures: Rubber modified mixtures 
performed with similar fatigue life to polymer modified mixtures except the lime-
treated WMA Foaming performed worst for both pavement structures. 
Liquid-treated Mixtures: 
Figure 101 shows that the calculated maximum tensile strains from the dynamic 
analysis are greater than static analysis for both pavement structures and for all liquid-
treated asphalt mixtures except Foaming mixtures.  Following conclusions can be drawn 
from the calculated strains. 
 PG64-22 liquid-treated asphalt mixtures: the WMA Evotherm and Foaming liquid-
treated mixtures showed slightly higher tensile strains compared to HMA2 mixture. 
 PG64-28NV/PM liquid-treated asphalt mixtures: the WMA Foaming liquid-treated 
mixtures showed highest tensile strain, followed by the WMA Evotherm and 
HMA2 mixtures. 
 PG64-28NV/TR liquid-treated asphalt mixtures: the WMA Foaming liquid-treated 
mixtures showed slightly greater tensile strain than HMA2 mixture while the 
liquid-treated WMA Evotherm showed similar tensile strain to HMA2 mixture. 
Fatigue life of each pavement structure was determined from the calculated tensile 
strains and mixture-specific beam-fatigue models. Figure 102 shows the fatigue life for 
stage 2 with the following observations: 
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 PG64-22 liquid-treated asphalt mixtures: the WMA liquid-treated mixtures 
exhibited significantly lower fatigue life compared to HMA2 mixture. 
 PG64-28NV/PM liquid-treated asphalt mixtures: the WMA liquid-treated mixtures 
exhibited significantly lower fatigue life compared to HMA2 mixture.  
 PG64-28NV/TR liquid-treated asphalt mixtures: Rubber modified binder showed 
improved fatigue life compared to other binders. The WMA liquid-treated mixtures 
showed improved fatigue resistance compared to other liquid-treated mixtures but 
still lower than HMA2 mixtures.  
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CHAPTER 4 CONCLUSIONS 
The laboratory research effort documented in this study investigated the impact of 
WMA additives on the performance of polymer-modified and tire rubber-modified 
mixtures for use in Nevada and California.  Based upon the experimental test results and 
subsequent findings, the following conclusions can be drawn: 
 Resistance to moisture damage of the untreated un-modified, polymer-modified and 
tire rubber-modified HMA and WMA mixtures are very low. The residual moisture 
retained in the aggregates had no effect on moisture damage for Sasobit, Evotherm and 
Foaming mixtures, whereas it impacts the moisture damage of the Advera mixture. 
There is a progressive drop in E* ratio from 0, 1 and 6 F-T cycles with and without 
residual moisture with few exceptions for both stages. These exceptions were circled 
and shown in Figure 38. 
 The addition of liquid anti-strip did not improve the resistances to moisture damage in 
all three types of HMA and WMA mixtures. However, the addition of hydrated lime 
improved the resistance to moisture damage of all the evaluated mixtures. In the case 
of Advera and Sasobit, both liquid and lime treatments were effective with modified 
binders. Nevertheless, lime treatment was effective with modified binders in case of 
Evotherm and Foaming. In overall, WMA mixtures showed improved resistance to 
moisture damage with the lime treated aggregates and modified binders. 
 Resistance to rutting of the untreated and un-modified WMA mixtures were inferior to 
their corresponding HMA mixtures. WMA mixtures showed improved rutting 
performance with the lime-treated aggregates and modified asphalt binders. Lime 
treatment was found effective with modified binders for Advera and Sasobit while both 
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liquid and lime treatments with all binders did not improve rutting resistance for 
Evotherm and Foaming. Foaming showed the lowest rutting resistance among all the 
WMA mixtures. Overall, higher flow numbers in HMA mixtures can be partially due 
to higher temperature and longer short-term aging time.   
 Resistance to fatigue cracking of the WMA mixtures with different treatment types do 
not have clear trends compared to their corresponding HMA mixtures. However, WMA 
with modified binders always showed an increased fatigue behavior. In all mixtures, 
polymer modified binder performed better than tire rubber modified binder.  Untreated 
WMA Evotherm and Foaming with neat binder mixtures showed a close fatigue 
behavior to HMA mixtures. Foaming mixtures performed better for neat binders at 
lower strain levels. Evotherm exhibited similar behavior to HMA mixtures with 
untreated and lime-treated mixtures with all binders at all strain levels. Advera and 
Sasobit untreated mixtures exhibited similar fatigue behavior to the corresponding 
HMA mixtures at higher strain levels except for the PG64-22 Sasobit mixtures. The 
terminal blend tire rubber-modified binder significantly improved the fatigue life of the 
WMA Advera and Sasobit mixtures compared to the unmodified binder and moderately 
improved the fatigue life of the WMA Advera mixture compared to the polymer-
modified binder. 
 The lime-treated mixtures showed significantly higher fatigue life compared to other 
mixtures. Moreover, polymer-modified binder with lime-treated mixtures significantly 
improved the fatigue life of the WMA Evotherm and Foaming mixtures. The liquid-
anti-stripping agents did not have any effect on the fatigue life of WMA Evotherm and 
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Foaming mixtures. The rubber-modified performed better with liquid antistrip only for 
WMA Evotherm and Foaming mixtures than their untreated mixtures. 
 The terminal blend tire rubber-modified binder with lime treatment works effectively 
in resisting moisture damage, rutting, and to significantly-reasonably improve the 
fatigue life of the WMA Evotherm, Foaming, Advera, and Sasobit mixtures. Hence, it 
is a best solution for the design and construction of sustainable asphalt pavements. The 
use of terminal blend rubberized asphalt binder is an excellent and economical selection 
in reducing tire wastes and environmental impacts. This is why tire rubber modified 
binder was introduced to replace the polymer modified binder. 
 Further field performance studies of WMA technologies with different treatment types 
and binders using different aggregate sources should be conducted to validate the 
measured laboratory performance. Advanced rheological properties of asphalt binders 
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WMA Advera x x x xx xx 
WMA Sasobit x x x xx xx 
HMA2 xx xx xx xx -- 
WMA Evotherm xx xx xx xx -- 
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WMA Evotherm xx xx xx xx -- 
WMA Foaming -- -- -- -- -- 
X Previous work done by Corina     
XX Previous work done by Zahi     
-- Work done by the Author    
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< 0.3 8 50 75 Applications include roadways with very light traffic volumes 
such as local roads, country roads, and city streets where truck 
traffic is prohibited or at a very minimal level. Traffic on these 
roadways would be considered local in nature, not regional, 
intrastate, or interstate. Special purpose roadways serving 
recreational sites or areas may also be applicable to this level. 
0.3 to < 3 7 75 115 Applications include many collector roads or access streets. 
Medium-trafficked city streets and the majority of country 
roadways may be applicable to this level. 
3 to < 30 8 100 160 Applications include many two-lane, multilane, divided, and 
partially or completely controlled access roadways. Among 
these are medium to highly trafficked city streets, many state 
routes, U.S. highways, and some rural Interstates. 
> 30 9 125 205 Applications include the vast majority of the U.S. Interstate 
System, both rural and urban in nature. Special applications such 
as truck-weighing stations or truck-climbing lanes on two-lane 
roadways may also be applicable to this level. 
a      The anticipated project traffic level expected on the design lane over a 20-year period. Regardless 
of the actual design life of the roadway, determine the design the ESALs for 20 years. 
b      As defined by A Policy on Geometric Design of Highways and Stress, 1994, AASHTO. 
 
Note 1 – When specified by the Agency and the top of the design layer is > 100 mm from the 
pavement surface and the estimated design traffic level is > 0.3 million ESALs, decrease the 
estimated design traffic level by one, unless the mixture will be exposed to significant mainline 
construction traffic prior to being overlaid. If less than 25 percent of a construction lift is within 
100 mm of the surface, the lift may be considered to be below 100 mm for the mixture design 
purposes. 
 
Note 2 – When it is estimated that the design traffic level is between 3 and <10 million ESALs, the 
Agency may, at its discretion, specify N initial at 10 N design at 75, and N max at 115.  
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Table 3: Degree of Aggregate Coating and Compactability Requirements  
Property Criteria 
Degree of Aggregate Coating 95 % of Particles 
Compactability @ Compaction Temp. N92 < 0.35Ndesign 
Compactability @ Compaction Temp. 
minus 55⁰F (30⁰C) 
N92 @ Compaction Temperature minus 55⁰F (30⁰C) < 
1.25 N92 @ Compaction Temp. 
 
Table 4: Mix Designs Properties for the Neat PG64-22 
Mix Design (NDOT T 2C 




























None 308 0 5.7 39 80 78 
Advera_PG64-22 0.3 (TWM) 255 53 5.7 36 78 59 
Sasobit_PG64-22 1.5 (TWB) 260 48 5.7 38 81 65 
HMA2_PG64-22 None 308 0 5.7 41 85 64 
Evotherm_PG64-22 0.4 (TWB) 255 53 5.4 37 86 77 






None 308 0 5.6 38 81 90 
Advera_Lime_PG64-22 0.3 (TWM) 255 53 5.6 40 78 85 
Sasobit_Lime_PG64-22 1.5 (TWB) 260 48 5.6 37 86 86 
HMA2_Lime_PG64-22 None 308 0 5.7 37 75 94 
Evotherm_Lime_PG64-22 0.4 (TWB) 265 43 5.2 32 90 74 






None 308 0 5.7 38 87 86 
Advera_Liquid_PG64-22 0.3 (TWM) 255 53 5.7 37 88 72 
Sasobit_Liquid_PG64-22 1.5 (TWB) 260 48 5.7 37 82 81 
HMA2_Liquid_PG64-22 None 308 0 5.6 38 80 93 
Evotherm_Liquid_PG64-22 0.4 (TWB) 255 53 5.5 40 89 76 
Foaming_Liquid_PG64-22 3.0 (WATER) 255 53 5.4 43 80 87 




Table 5: Mix Designs for the Polymer-Modified PG64-28NV/PM 
Mix Design (NDOT T2C &  






























None 320 0 5.8 42 70 87 
Advera_PG64-28NV/PM 0.3 (TWM) 290 30 5.8 41 79 75 
Sasobit_PG64-28NV/PM 3.0 (TWB) 285 35 5.8 41 77 81 
HMA2_PG64-28NV/PM None 320 0 5.8 42 66 79 
Evotherm_PG64-28NV/PM 0.4 (TWB) 275 45 5.8 37 89 76 




 (1%) by 
DWA 
None 320 0 5.6 40 71 91 
Advera_Lime_PG64-28NV/PM 0.3 (TWM) 290 30 5.6 39 78 85 
Sasobit_Lime_PG64-28NV/PM 3.0 (TWB) 285 35 5.6 37 76 92 
HMA2_Lime_PG64-28NV/PM None 320 0 5.5 37 71 89 
Evotherm_Lime_PG64-28NV/PM 0.4 (TWB) 275 45 5.4 38 88 74 






None 320 0 5.8 42 73 89 
Advera_Liquid_PG64-28NV/PM 0.3 (TWM) 290 30 5.8 39 74 83 
Sasobit_Liquid_PG64-28NV/PM 3.0 (TWB) 285 35 5.8 38 79 84 
HMA2_Liquid_PG64-28NV/PM None 320 0 5.5 35 76 88 
Evotherm_Liquid_PG64-28NV/PM 0.4 (TWB) 275 45 5.4 39 84 72 
Foaming_Liquid_PG64-28NV/PM 3.0 (WATER) 265 55 5.6 42 78 79 
*TWM- Total Weight of Mixture, *TWB- Total Weight of Binder, *3.0 (Water) - Total Weight of Binder  
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Table 6: Mix Designs for the Terminal Blend Tire Rubber-Modified PG64-28 
NV/TR 
Mix Design (NDOT T2C &  





























None 320 0 5.7 37 70 83 
Advera_PG64-28NV/TR 0.3 (TWM) 275 45 5.7 36 67 75 
Sasobit_PG64-28NV/TR 1.5 (TWB) 280 40 5.7 36 76 79 
HMA2_PG64-28NV/TR None 320 0 5.8 37 86 60 
Evotherm_PG64-28NV/TR 0.3 (TWB) 275 45 5.6 37 96 73 




 (1%) by 
DWA 
None 320 0 5.6 43 71 91 
Advera_Lime_PG64-28NV/TR 0.3 (TWM) 275 45 5.6 38 78 85 
Sasobit_Lime_PG64-28NV/TR 1.5 (TWB) 280 40 5.6 38 76 92 
HMA2_Lime_PG64-28NV/TR None 320 0 5.6 37 73 84 
Evotherm_Lime_PG64-28NV/TR 0.3 (TWB) 275 45 5.0 39 95 84 






None 320 0 5.7 39 71 86 
Advera_Liquid_PG64-28NV/TR 0.3 (TWM) 275 45 5.7 38 71 81 
Sasobit_Liquid_PG64-28NV/TR 1.5 (TWB) 280 40 5.7 40 76 81 
HMA2_Liquid_PG64-28NV/TR None 320 0 5.7 37 79 78 
Evotherm_Liquid_PG64-28NV/TR 0.3 (TWB) 275 45 5.3 38 93 70 
Foaming_Liquid_PG64-28NV/TR 3.0 (WATER) 270 50 5.6 41 93 76 





























Untreated 230 16.5 19.5 1.18 Pass 
Lime-treated 230 15.0 17.5 1.17 Pass 





Untreated 240 15.5 17.6 1.14 Pass 
Lime-treated 240 12.6 15.6 1.24 Pass 





Untreated 250 15.9 19.4 1.22 Pass 
Lime-treated 250 12.7 15.7 1.24 Pass 
Liquid-treated 250 15.5 18.6 1.20 Pass 
*3.0 (water) – 3% of water by Total weight of binder 
Table 8: Residual moisture content of dynamic modulus samples of WMA foamed 
mixtures 
Binders 
Residual Moisture (%) 
Untreated Lime-treated Liquid-treated 
PG64-22 0.56% 0.29% 0.69% 
PG64-28NV/PM 0.24% 0.11% 0.18% 




Table 9: Pavement Binder Properties – PG64-22 Mixtures 
Superpave Binder Test Data 
Temp (°F) G* (psi) Phase Angle  (°) 
58 1.4863 71.8 
64 0.6883 75.3 
70 0.3301 78.4 
A,VTS   
A 15.608  
VTS -5.459  
 
Table 10: Pavement Binder Properties – PG64-28NV/PM Mixtures 
Superpave Binder Test Data 
Temp (°F) G* (psi) Phase Angle, (°) 
58 0.93090 60.1 
64 0.52780 61.0 
70 0.30933 62.6 
76 0.18367 64.5 
A,VTS   
A 11.806  
VTS -4.059  
 
Table 11: Pavement Binder Properties – PG64-28NV/TR Mixtures 
Superpave Binder Test Data 
Temp (°C) G* (psi) Phase Angle  (°) 
58 0.6888 64.3 
64 0.3886 66.2 
70 0.2252 68.2 
A,VTS   
A 12.364  
VTS -4.270 
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Dynamic Modulus |E*|, psi 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 1024433 1338000 1478333 1800667 1938667 2122000 
70 194767 345533 427367 673767 795100 979133 
100 28933 61367 84900 176967 232667 328900 
130 7633 12600 16400 32400 46000 72367 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 18.0 14.3 12.9 10.3 9.4 8.4 
70 34.2 31.1 29.8 24.9 22.9 20.3 
100 33.1 35.5 36.5 36.2 35.9 34.6 












Dynamic Modulus |E*|, psi 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 581400 846233 976100 1309333 1470333 1686000 
70 116150 212000 265900 446850 542050 727667 
100 31150 58700 76900 150600 195900 274850 
130 9900 14033 17333 32500 43200 64433 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 24.4 20.7 19.2 15.7 14.4 13.1 
70 32.2 31.5 31.3 28.4 27.3 25.3 
100 29.0 31.2 32.5 33.3 33.9 34.0 












Dynamic Modulus |E*|, psi 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 760300 1066667 1212667 1549667 1695000 1883667 
70 118467 230667 296633 513667 624400 789600 
100 22450 42200 56850 120750 163800 245050 
130 7050 12300 15350 29150 39900 57900 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 22.7 18.4 16.6 13.0 11.8 10.2 
70 34.8 33.5 32.9 28.8 27.1 24.7 
100 30.0 33.2 34.7 36.2 36.8 36.6 





















Dynamic Modulus |E*|, psi 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 945233 1280333 1435333 1787333 1934333 2123000 
70 155167 305367 386767 642233 767700 952000 
100 17600 39750 58100 134950 186900 275950 
130 5900 7650 10367 22333 32900 54367 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 20.8 16.2 14.6 11.3 10.2 9.1 
70 36.3 33.9 32.7 27.4 25.3 22.5 
100 34.0 37.4 38.3 39.0 39.2 38.7 



















Dynamic Modulus |E*|, psi 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 468450 682267 800400 1115533 1257000 1451000 
70 72200 145050 191100 354350 442600 588100 
100 13667 25067 33100 69900 94500 140033 
130 5300 8900 10600 18700 25233 39033 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 27.7 23.8 22.1 17.7 16.1 14.2 
70 34.1 34.2 34.3 31.9 30.8 29.0 
100 29.4 32.7 34.4 36.7 38.1 39.7 



















Dynamic Modulus |E*|, psi 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 723450 1052500 1205500 1568500 1711500 1931500 
70 85450 177850 236250 440500 552150 731350 
100 15800 30800 41950 93150 128650 197750 
130 7250 10200 12250 23350 31650 49550 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 24.9 20.0 18.0 13.8 12.4 10.9 
70 36.1 35.6 35.4 31.8 30.2 27.5 
100 31.7 34.9 36.4 37.9 38.9 39.0 





















Dynamic Modulus |E*|, psi 
0.01Hz 0.1 Hz 1 Hz 10 Hz 
40 - 851200 1345333 1850333 
70 - 150000 384100 789300 
100 5633 12800 38367 133767 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.01Hz 0.1 Hz 1 Hz 10 Hz 
40 - 22.7 15.6 10.9 
70 - 38.1 33.9 25.6 


















Dynamic Modulus |E*|, psi 
0.01Hz 0.1 Hz 1 Hz 10 Hz 
40 - 411933 771700 1230333 
70 - 73100 188767 431700 
100 7200 11700 26233 76767 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.01Hz 0.1 Hz 1 Hz 10 Hz 
40 - 31.1 22.2 16.4 
70 - 35.7 35.5 31.0 


















Dynamic Modulus |E*|, psi 
0.01Hz 0.1 Hz 1 Hz 10 Hz 
40 - 590267 1045700 1519000 
70 - 90867 246667 558467 
100 7100 11567 26533 85567 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.01Hz 0.1 Hz 1 Hz 10 Hz 
40 - 27.5 19.4 13.5 
70 - 37.2 36.5 30.0 














Dynamic Modulus |E*|, psi 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 957300 1286500 1435500 1766500 1907500 2076000 
70 157800 298600 376700 620800 746700 932850 
100 20650 45850 65500 144750 194950 280850 
130 5000 8250 11200 25500 37050 60000 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 19.4 15.1 13.5 10.6 9.6 8.5 
70 35.3 32.5 31.3 26.4 24.4 21.7 
100 34.4 36.8 37.7 38.0 38.0 37.0 












Dynamic Modulus |E*|, psi 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 632800 905800 1040000 1377000 1533500 1739000 
70 134300 238450 298550 496750 601000 764800 
100 25650 46750 60650 118250 154200 220800 
130 9800 14200 17200 32050 42400 65450 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 23.2 19.9 18.5 15.2 13.9 12.3 
70 29.7 29.3 29.3 27.1 26.2 24.9 
100 29.4 31.4 32.6 33.5 34.2 34.4 












Dynamic Modulus |E*|, psi 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 786800 1113500 1270500 1649500 1815000 2033000 
70 126000 243000 310550 536600 652850 829000 
100 24100 47700 63500 132250 175250 256150 
130 7700 13300 16950 33900 45150 70000 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 23.1 18.9 17.3 13.6 12.2 10.7 
70 33.0 32.3 32.1 28.9 27.7 25.7 
100 30.5 32.3 33.7 34.9 35.9 36.3 





















Dynamic Modulus |E*|, psi 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 964700 1314000 1474000 1838000 1994500 2192000 
70 140200 287150 371850 631300 762250 958900 
100 16150 35950 52350 123300 173400 262950 
130 6450 9050 9850 21350 29850 51850 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 21.0 16.4 14.7 11.4 10.3 9.1 
70 37.2 34.8 33.4 28.1 25.9 23.1 
100 34.7 38.3 39.2 39.9 40.0 39.4 



















Dynamic Modulus |E*|, psi 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 465350 710900 832900 1156500 1305500 1503500 
70 69150 130950 169950 314000 394100 523550 
100 16200 28900 37350 75500 100900 153000 
130 8950 11550 13450 23950 31250 46750 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 26.6 23.1 21.6 17.7 16.1 14.2 
70 32.1 32.6 33.0 31.5 30.9 29.6 
100 28.1 31.0 32.7 34.4 35.7 36.0 



















Dynamic Modulus |E*|, psi 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 740000 1075500 1239000 1635500 1800000 2018000 
70 89750 179550 238400 449300 566600 746000 
100 20300 36950 49050 105400 143000 217500 
130 9250 13100 15800 28800 38050 57500 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 25.0 20.7 18.9 14.8 13.3 11.6 
70 33.6 33.9 33.9 31.4 30.2 28.3 
100 29.6 32.8 34.4 35.8 36.9 37.3 





















Dynamic Modulus |E*|, psi 
0.01Hz 0.1 Hz 1 Hz 10 Hz 
40 - 835333 1348333 1884000 
70 - 143600 385200 810300 
100 5700 11700 33567 123267 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.01Hz 0.1 Hz 1 Hz 10 Hz 
40 - 24.0 16.6 11.4 
70 - 38.2 34.2 26.2 


















Dynamic Modulus |E*|, psi 
0.01Hz 0.1 Hz 1 Hz 10 Hz 
40 - 357067 685167 1140667 
70 - 62333 157733 377133 
100 6467 10300 21367 64167 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.01Hz 0.1 Hz 1 Hz 10 Hz 
40 - 29.4 24.2 17.8 
70 - 33.6 34.9 32.2 


















Dynamic Modulus |E*|, psi 
0.01Hz 0.1 Hz 1 Hz 10 Hz 
40 - 537300 969433 1472667 
70 - 76700 204433 483867 
100 6800 11300 25600 80833 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.01Hz 0.1 Hz 1 Hz 10 Hz 
40 - 27.6 20.7 14.8 
70 - 34.5 35.5 31.7 














Dynamic Modulus |E*|, psi 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 1106000 1430500 1578000 1908500 2045500 2220500 
70 231900 406600 494950 763200 891750 1075000 
100 32400 72250 101000 208450 272200 377400 
130 6350 10850 15350 35900 51450 81000 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 17.0 13.4 12.1 9.6 8.7 7.7 
70 32.4 29.4 28.1 23.5 21.8 19.4 
100 34.3 35.3 35.8 35.3 34.9 33.7 












Dynamic Modulus |E*|, psi 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 669950 939000 1072000 1403000 1557500 1767000 
70 127150 227950 282000 462050 556800 704250 
100 28750 52500 68100 129650 167300 236750 
130 9150 14500 18300 34300 45050 66050 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 22.4 18.9 17.5 14.3 13.1 11.7 
70 31.0 30.2 30.0 27.4 26.3 24.7 
100 28.6 30.4 31.5 32.5 33.1 33.1 












Dynamic Modulus |E*|, psi 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 805250 1104500 1253000 1595000 1744000 1934000 
70 139100 255750 320200 531550 642100 798100 
100 24150 46400 62200 126750 167650 242150 
130 8450 12300 15000 28400 38150 58100 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 21.5 17.5 15.8 12.4 11.3 10.0 
70 32.6 31.4 30.9 27.2 25.7 23.4 
100 29.3 31.9 33.2 34.4 35.0 34.9 
130 20.9 25.1 27.5 31.6 33.6 36.2 
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Dynamic Modulus |E*|, psi 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 978100 1324500 1472500 1813000 1947500 2118000 
70 138200 278400 358600 610400 741350 926450 
100 17650 41300 60800 142000 198300 295350 
130 4400 7150 9750 21600 32350 54950 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 20.8 16.1 14.3 11.0 9.9 8.9 
70 35.9 34.1 33.1 28.2 26.2 23.2 
100 34.9 37.3 37.8 38.2 38.4 37.7 



















Dynamic Modulus |E*|, psi 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 596150 859750 993450 1328000 1478000 1680500 
70 95350 181050 232200 409700 503600 645650 
100 20000 36550 47950 98200 130300 192450 
130 8500 13800 17500 32250 41950 61700 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 24.4 20.9 19.4 15.7 14.3 12.7 
70 31.4 31.4 31.6 29.6 28.9 27.5 
100 28.0 30.3 31.7 33.1 34.3 34.9 



















Dynamic Modulus |E*|, psi 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 735500 1046000 1185500 1526000 1669000 1859500 
70 104350 209550 274600 492700 601900 762400 
100 17050 34250 47150 103450 141950 214850 
130 6100 9950 12000 25050 34700 54650 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz 
40 24.0 19.3 17.5 13.5 12.2 10.7 
70 34.1 33.7 33.3 29.9 28.4 25.9 
100 31.4 34.1 35.3 36.7 37.5 37.7 
130 25.7 27.4 29.4 32.1 34.0 36.4 
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Dynamic Modulus |E*|, psi 
0.01Hz 0.1 Hz 1 Hz 10 Hz 
40 - 883600 1392667 1914333 
70 - 155033 395633 805600 
100 6267 12733 37733 130367 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.01Hz 0.1 Hz 1 Hz 10 Hz 
40 - 22.6 15.6 11.0 
70 - 38.1 33.5 25.5 


















Dynamic Modulus |E*|, psi 
0.01Hz 0.1 Hz 1 Hz 10 Hz 
40 - 372333 692833 1116000 
70 - 62633 162700 380967 
100 6200 10000 21133 63767 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.01Hz 0.1 Hz 1 Hz 10 Hz 
40 - 29.0 22.8 16.8 
70 - 35.9 36.0 32.0 


















Dynamic Modulus |E*|, psi 
0.01Hz 0.1 Hz 1 Hz 10 Hz 
40 - 581300 1029167 1539667 
70 - 82367 232700 545400 
100 6700 10933 25000 80600 
Temp, 
°F 
Mixture Phase Angle, (Deg) 
0.01Hz 0.1 Hz 1 Hz 10 Hz 
40 - 27.7 20.2 14.0 
70 - 37.8 37.3 31.1 






















HMA vs Evotherm 0.819 NS 0.045 SL 
HMA vs Foaming 0.005 SH 0.001 SL 
Evotherm vs Foaming 0.048 SH 0.278 NS 
0.5 %  
LAS 
HMA vs Evotherm 0.003 SL 0.029 SH 
HMA vs Foaming 0.923 NS 0.105 NS 
Evotherm vs Foaming 0.162 NS 0.063 NS 
1.0 % 
Lime 
HMA vs Evotherm 0.016 SL 0.053 NS 
HMA vs Foaming 0.001 SL 0.001 SL 













HMA vs Evotherm 0.564 NS 0.587 NS 
HMA vs Foaming 0.151 NS 0.068 NS 
Evotherm vs Foaming 0.001 SL 0.143 NS 
0.5 %  
LAS 
HMA vs Evotherm 0.052 NS 0.034 SH 
HMA vs Foaming 0.482 NS 0.082 NS 
Evotherm vs Foaming 0.152 NS 0.594 NS 
1.0 % 
Lime 
HMA vs Evotherm 0.003 SL 0.218 NS 
HMA vs Foaming 0.090 NS 0.008 SL 













HMA vs Evotherm 0.012 SL 0.000 SL 
HMA vs Foaming 0.040 SL 0.001 SL 
Evotherm vs Foaming 0.983 NS 0.780 NS 
0.5 % 
 LAS 
HMA vs Evotherm 0.064 NS 0.270 NS 
HMA vs Foaming 0.029 SL 0.011 SL 
Evotherm vs Foaming 0.946 NS 0.091 NS 
1.0 % 
Lime 
HMA vs Evotherm 0.000 SL 0.001 SL 
HMA vs Foaming 0.001 SL 0.005 SL 
Evotherm vs Foaming 0.595 NS 0.256 NS 



















HMA vs Evotherm 0.033 SH 
HMA vs Foaming 0.002 SH 
Evotherm vs Foaming 0.018 SH 
0.5 % LAS 
HMA vs Evotherm 0.001 SH 
HMA vs Foaming 0.000 SH 
Evotherm vs Foaming 0.001 SH 
1.0 % Lime 
HMA vs Evotherm 0.002 SH 
HMA vs Foaming 0.003 SH 













HMA vs Evotherm 0.019 SH 
HMA vs Foaming 0.000 SH 
Evotherm vs Foaming 0.003 SH 
0.5 % LAS 
HMA vs Evotherm 0.022 SH 
HMA vs Foaming 0.001 SH 
Evotherm vs Foaming 0.000 SH 
1.0 % Lime 
HMA vs Evotherm 0.071 NS 
HMA vs Foaming 0.001 SH 













HMA vs Evotherm 0.322 NS 
HMA vs Foaming 0.002 SH 
Evotherm vs Foaming 0.002 SH 
0.5 % LAS 
HMA vs Evotherm 0.003 SH 
HMA vs Foaming 0.000 SH 
Evotherm vs Foaming 0.001 SH 
1.0 % Lime 
HMA vs Evotherm 0.790 NS 
HMA vs Foaming 0.010 SH 
Evotherm vs Foaming 0.012 SH 




Figure 1: PTI Foaming Device 
 



























Figure 3: Variation HL with water Foamant content for PG64-22 
 





















Water Addition (% of Asphalt Binder)






























Figure 5: Aggregate gradations for stages 1 and 2 
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Figure 7: Variation of ER and HL with water Foamant content PG64-28NV/PM 
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Figure 9: Variation of foam viscosity with foamant water content for PG64-
28NV/PM. 
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Mix Design (NDOT T2C & CT Type A)  Aggregate Gradation (NDOT T2C & CT Type A) 
Nominal Maximum Aggregate Size, mm 19.0  
Sieve Size %Passing 
Control Points 
Property Value Requirement  Min Max 
Hydrated Lime, % 1.0 1.5  37.5 mm (1 1/2") 100.0     
Mixing Temperature, °F 255 --  25.0 mm (1'') 100.0 100 100 
Compaction Temperature, °F 230 230  19.0 mm (3/4") 91 90 95 
Coarse Aggregate Bulk Gravity, Gsb 2.619 --  12.5 mm (1/2") 77.5 70 85 
Fine Aggr. Apparent Gravity, Gsa 2.739 --  9.5 mm (3/8") 67.7 60 78 
Aggregate Effective Gravity, Gse 2.640 --  4.75 mm (No. 4) 52 45 55 
Optimum Binder (OBC), % DWA 5.50 --  2.36 mm (No. 8) 40 32 40  
Air Voids, % TMW (NDOT / CT) 4.34 4-7 / 4.0  2.00 mm (No. 10) 36.2 30 44 
VMA, % (NDOT / CT) 14.88/14.84  12-22 / 13 Min.  1.18 mm (No. 16) 27.4     
VFA, % (NDOT / CT) 72.62/70.86  70-80% / 65-75%  0.6 mm (No. 30) 19.1 12 21 
Film Thickness, m 9.17 8 Min.  0.425 mm (No. 40) 15.1 12 22 
Hveem Stability 47 37 Min.  0.3 mm (No. 50) 11.5     
Max. specific gravity at OBC, Gmm 2.434 --  0.15 mm (No. 100) 7.3     
Unconditioned Tensile Strength, psi 75 65 Min.  0.075 mm (No. 200) 5.1 3 7 
Tensile Strength Ratio, % 95  70 Min.      
   
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6 
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sand  

















































































Figure 12: Lockwood Untreated mix design and aggregate properties with 




Mix Design (NDOT T2C & CT Type A)  Aggregate Gradation (NDOT T2C & CT Type A) 
Nominal Maximum Aggregate Size, mm 19.0  
Sieve Size %Passing 
Control Points 
Property Value Requirement  Min Max 
Hydrated Lime, % 1.0 1.5  37.5 mm (1 1/2") 100.0     
Mixing Temperature, °F 255 --  25.0 mm (1'') 100.0 100 100 
Compaction Temperature, °F 230 230  19.0 mm (3/4") 91 90 95 
Coarse Aggregate Bulk Gravity, Gsb 2.619 --  12.5 mm (1/2") 77.5 70 85 
Fine Aggr. Apparent Gravity, Gsa 2.739 --  9.5 mm (3/8") 67.7 60 78 
Aggregate Effective Gravity, Gse 2.640 --  4.75 mm (No. 4) 52 45 55 
Optimum Binder (OBC), % DWA 5.20 --  2.36 mm (No. 8) 40 32 40  
Air Voids, % TMW (NDOT / CT) 3.93 4-7 / 4.0  2.00 mm (No. 10) 36.2 30 44 
VMA, % (NDOT / CT) 14.07/14.07  12-22 / 13 Min.  1.18 mm (No. 16) 27.4     
VFA, % (NDOT / CT) 73.94/72.42  70-80% / 65-75%  0.6 mm (No. 30) 19.1 12 21 
Film Thickness, m 8.00 8 Min.  0.425 mm (No. 40) 15.1 12 22 
Hveem Stability 46 37 Min.  0.3 mm (No. 50) 11.5     
Max. specific gravity at OBC, Gmm 2.441 --  0.15 mm (No. 100) 7.3     
Unconditioned Tensile Strength, psi 101 65 Min.  0.075 mm (No. 200) 5.1 3 7 
Tensile Strength Ratio, % 88  70 Min.      
   
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6 
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sand  

















































































Figure 13: Lockwood Lime-treated mix design and aggregate properties with 




Mix Design (NDOT T2C & CT Type A)  Aggregate Gradation (NDOT T2C & CT Type A) 
Nominal Maximum Aggregate Size, mm 19.0  
Sieve Size %Passing 
Control Points 
Property Value Requirement  Min Max 
Hydrated Lime, % None 1.5  37.5 mm (1 1/2") 100.0     
Mixing Temperature, °F 255 --  25.0 mm (1'') 100.0 100 100 
Compaction Temperature, °F 230 230  19.0 mm (3/4") 91 90 95 
Coarse Aggregate Bulk Gravity, 
Gsb 
2.619 --  12.5 mm (1/2") 77.5 70 85 
Fine Aggr. Apparent Gravity, Gsa 2.739 --  9.5 mm (3/8") 67.7 60 78 
Aggregate Effective Gravity, Gse 2.648 --  4.75 mm (No. 4) 52 45 55 
Optimum Binder (OBC), % DWA 5.40 --  2.36 mm (No. 8) 40 32 40  
Air Voids, % TMW (NDOT / CT) 3.80 4-7 / 4.0  2.00 mm (No. 10) 36.2 30 44 
VMA, % (NDOT / CT) 14.26 / 14.38 12-22 / 13 Min.  1.18 mm (No. 16) 27.4     
VFA, % (NDOT / CT) 75.56/ 73.85 70-80% / 65-75%  0.6 mm (No. 30) 19.1 12 21 
Film Thickness, m 9.07 8 Min.  0.425 mm (No. 40) 15.1 12 22 
Hveem Stability 41 37 Min.  0.3 mm (No. 50) 11.5     
Max. specific gravity at OBC, 
Gmm 
2.437 --  0.15 mm (No. 100) 7.3     
Unconditioned Tensile Strength, psi 80 65 Min.  0.075 mm (No. 200) 5.1 3 7 
Tensile Strength Ratio, % 87  70 Min.      
   
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6 
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sand  

















































































Figure 14: Lockwood Liquid-treated mix design and aggregate properties with 




Mix Design (NDOT T2C & CT Type A)  Aggregate Gradation (NDOT T2C & CT Type A) 
Nominal Maximum Aggregate Size, mm 19.0  
Sieve Size %Passing 
Control Points 
Property Value Requirement  Min Max 
Hydrated Lime, % None 1.5  37.5 mm (1 1/2") 100.0     
Mixing Temperature, °F 270 --  25.0 mm (1'') 100.0 100 100 
Compaction Temperature, °F 245 230  19.0 mm (3/4") 91 90 95 
Coarse Aggregate Bulk Gravity, Gsb 2.619 --  12.5 mm (1/2") 77.5 70 85 
Fine Aggr. Apparent Gravity, Gsa 2.739 --  9.5 mm (3/8") 67.7 60 78 
Aggregate Effective Gravity, Gse 2.638 --  4.75 mm (No. 4) 52 45 55 
Optimum Binder (OBC), % DWA 5.4 --  2.36 mm (No. 8) 40 32 40  
Air Voids, % TMW (NDOT / CT) 3.74 4-7 / 4.0  2.00 mm (No. 10) 36.2 30 44 
VMA, % (NDOT / CT) 14.50/ 14.64 12-22 / 13 Min.  1.18 mm (No. 16) 27.4     
VFA, % (NDOT / CT) 75.68/ 74.66 70-80% / 65-75%  0.6 mm (No. 30) 19.1 12 21 
Film Thickness, m 9.31 8 Min.  0.425 mm (No. 40) 15.1 12 22 
Hveem Stability 40 37 Min.  0.3 mm (No. 50) 11.5     
Max. specific gravity at OBC, Gmm 2.428 --  0.15 mm (No. 100) 7.3     
Unconditioned Tensile Strength, psi 82 65 Min.  0.075 mm (No. 200) 5.1 3 7 
Tensile Strength Ratio, % 70  70 Min.      
   
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6 
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sand  

















































































Figure 15: Lockwood Untreated mix design and aggregate properties with 




Mix Design (NDOT T2C & CT Type A)  Aggregate Gradation (NDOT T2C & CT Type A) 
Nominal Maximum Aggregate Size, mm 19.0  
Sieve Size %Passing 
Control Points 
Property Value Requirement  Min Max 
Hydrated Lime, % None 1.5  37.5 mm (1 1/2") 100.0     
Mixing Temperature, °F 270 --  25.0 mm (1'') 100.0 100 100 
Compaction Temperature, °F 245 230  19.0 mm (3/4") 91 90 95 
Coarse Aggregate Bulk Gravity, Gsb 2.619 --  12.5 mm (1/2") 77.5 70 85 
Fine Aggr. Apparent Gravity, Gsa 2.739 --  9.5 mm (3/8") 67.7 60 78 
Aggregate Effective Gravity, Gse 2.638 --  4.75 mm (No. 4) 52 45 55 
Optimum Binder (OBC), % DWA 5.40 --  2.36 mm (No. 8) 40 32 40  
Air Voids, % TMW (NDOT / CT) 4.01 4-7 / 4.0  2.00 mm (No. 10) 36.2 30 44 
VMA, % (NDOT / CT) 14.99/ 14.93 12-22 / 13 Min.  1.18 mm (No. 16) 27.4     
VFA, % (NDOT / CT) 74.31/ 73.60 70-80% / 65-75%  0.6 mm (No. 30) 19.1 12 21 
Film Thickness, m 8.77 8 Min.  0.425 mm (No. 40) 15.1 12 22 
Hveem Stability 40 37 Min.  0.3 mm (No. 50) 11.5     
Max. specific gravity at OBC, Gmm 2.421 --  0.15 mm (No. 100) 7.3     
Unconditioned Tensile Strength, psi 78 65 Min.  0.075 mm (No. 200) 5.1 3 7 
Tensile Strength Ratio, % 98  70 Min.      
   
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6 
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sand  
















































































Figure 16: Lockwood Lime-treated mix design and aggregate properties with 




Mix Design (NDOT T2C & CT Type A)  Aggregate Gradation (NDOT T2C & CT Type A) 
Nominal Maximum Aggregate Size, mm 19.0  
Sieve Size %Passing 
Control Points 
Property Value Requirement  Min Max 
Hydrated Lime, % None 1.5  37.5 mm (1 1/2") 100.0     
Mixing Temperature, °F 265 --  25.0 mm (1'') 100.0 100 100 
Compaction Temperature, °F 240 230  19.0 mm (3/4") 91 90 95 
Coarse Aggregate Bulk Gravity, Gsb 2.619 --  12.5 mm (1/2") 77.5 70 85 
Fine Aggr. Apparent Gravity, Gsa 2.739 --  9.5 mm (3/8") 67.7 60 78 
Aggregate Effective Gravity, Gse 2.644 --  4.75 mm (No. 4) 52 45 55 
Optimum Binder (OBC), % DWA 5.60 --  2.36 mm (No. 8) 40 32 40  
Air Voids, % TMW (NDOT / CT) 4.14 4-7 / 4.0  2.00 mm (No. 10) 36.2 30 44 
VMA, % (NDOT / CT) 14.43 / 14.26 12-22 / 13 Min.  1.18 mm (No. 16) 27.4     
VFA, % (NDOT / CT) 73.72/ 71.51 70-80% / 65-75%  0.6 mm (No. 30) 19.1 12 21 
Film Thickness, m 8.90 8 Min.  0.425 mm (No. 40) 15.1 12 22 
Hveem Stability 38 37 Min.  0.3 mm (No. 50) 11.5     
Max. specific gravity at OBC, Gmm 2.445 --  0.15 mm (No. 100) 7.3     
Unconditioned Tensile Strength, psi 78 65 Min.  0.075 mm (No. 200) 5.1 3 7 
Tensile Strength Ratio, % 79  70 Min.      
   
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6 
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sand  

















































































Figure 17: Lockwood Liquid-treated mix design and aggregate properties with 




Mix Design (NDOT T2C & CT Type A)  Aggregate Gradation (NDOT T2C & CT Type A) 
Nominal Maximum Aggregate Size, mm 19.0  
Sieve Size %Passing 
Control Points 
Property Value Requirement  Min Max 
Hydrated Lime, % None 1.5  37.5 mm (1 1/2") 100.0     
Mixing Temperature, °F 275 --  25.0 mm (1'') 100.0 100 100 
Compaction Temperature, °F 250 230  19.0 mm (3/4") 91 90 95 
Coarse Aggregate Bulk Gravity, 
Gsb 
2.619 --  12.5 mm (1/2") 77.5 70 85 
Fine Aggr. Apparent Gravity, Gsa 2.739 --  9.5 mm (3/8") 67.7 60 78 
Aggregate Effective Gravity, Gse 2.658 --  4.75 mm (No. 4) 52 45 55 
Optimum Binder (OBC), % 
DWA 
5.60 --  2.36 mm (No. 8) 40 32 40  
Air Voids, % TMW (NDOT / 
CT) 
4.41 4-7 / 4.0  2.00 mm (No. 10) 36.2 30 44 
VMA, % (NDOT / CT) 14.89/14.91 12-22 / 13 Min.  1.18 mm (No. 16) 27.4     
VFA, % (NDOT / CT) 72.56/ 70.65 70-80% / 65-75%  0.6 mm (No. 30) 19.1 12 21 
Film Thickness, m 9.12 8 Min.  0.425 mm (No. 40) 15.1 12 22 
Hveem Stability 40 37 Min.  0.3 mm (No. 50) 11.5     
Max. specific gravity at OBC, 
Gmm 
2.438 --  0.15 mm (No. 100) 7.3     
Unconditioned Tensile Strength, 
psi 
96 65 Min.  0.075 mm (No. 200) 5.1 3 7 
Tensile Strength Ratio, % 73  70 Min.      
   
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6 
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sand  

















































































Figure 18: Lockwood Untreated mix design and aggregate properties with 




Mix Design (NDOT T2C & CT Type A)  Aggregate Gradation (NDOT T2C & CT Type A) 
Nominal Maximum Aggregate Size, mm 19.0  
Sieve Size %Passing 
Control Points 
Property Value Requirement  Min Max 
Hydrated Lime, % 1.0 1.5  37.5 mm (1 1/2") 100.0     
Mixing Temperature, °F 275 --  25.0 mm (1'') 100.0 100 100 
Compaction Temperature, °F 250 230  19.0 mm (3/4") 91 90 95 
Coarse Aggregate Bulk Gravity, Gsb 2.619 --  12.5 mm (1/2") 77.5 70 85 
Fine Aggr. Apparent Gravity, Gsa 2.739 --  9.5 mm (3/8") 67.7 60 78 
Aggregate Effective Gravity, Gse 2.643 --  4.75 mm (No. 4) 52 45 55 
Optimum Binder (OBC), % DWA 5.4 --  2.36 mm (No. 8) 40 32 40  
Air Voids, % TMW (NDOT / CT) 4.02 4-7 / 4.0  2.00 mm (No. 10) 36.2 30 44 
VMA, % (NDOT / CT) 14.30/14.54 12-22 / 13 Min.  1.18 mm (No. 16) 27.4     
VFA, % (NDOT / CT) 73.69/71.92 70-80% / 65-75%  0.6 mm (No. 30) 19.1 12 21 
Film Thickness, m 8.88 8 Min.  0.425 mm (No. 40) 15.1 12 22 
Hveem Stability 39 37 Min.  0.3 mm (No. 50) 11.5     
Max. specific gravity at OBC, Gmm 2.441 --  0.15 mm (No. 100) 7.3     
Unconditioned Tensile Strength, psi 97 65 Min.  0.075 mm (No. 200) 5.1 3 7 
Tensile Strength Ratio, % 78  70 Min.      
   
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6 
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sand  

















































































Figure 19: Lockwood Lime-treated mix design and aggregate properties with 




Mix Design (NDOT T2C & CT Type A)  Aggregate Gradation (NDOT T2C & CT Type A) 
Nominal Maximum Aggregate Size, mm 19.0  
Sieve Size %Passing 
Control Points 
Property Value Requirement  Min Max 
Hydrated Lime, % None 1.5  37.5 mm (1 1/2") 100.0     
Mixing Temperature, °F 275 --  25.0 mm (1'') 100.0 100 100 
Compaction Temperature, °F 250 230  19.0 mm (3/4") 91 90 95 
Coarse Aggregate Bulk Gravity, Gsb 2.619 --  12.5 mm (1/2") 77.5 70 85 
Fine Aggr. Apparent Gravity, Gsa 2.739 --  9.5 mm (3/8") 67.7 60 78 
Aggregate Effective Gravity, Gse 2.632 --  4.75 mm (No. 4) 52 45 55 
Optimum Binder (OBC), % DWA 5.60 --  2.36 mm (No. 8) 40 32 40  
Air Voids, % TMW (NDOT / CT) 4.14 4-7 / 4.0  2.00 mm (No. 10) 36.2 30 44 
VMA, % (NDOT / CT) 14.48/14.57 12-22 / 13 Min.  1.18 mm (No. 16) 27.4     
VFA, % (NDOT / CT) 73.67/ 71.54 70-80% / 65-75%  0.6 mm (No. 30) 19.1 12 21 
Film Thickness, m 8.95 8 Min.  0.425 mm (No. 40) 15.1 12 22 
Hveem Stability 41 37 Min.  0.3 mm (No. 50) 11.5     
Max. specific gravity at OBC, Gmm 2.443 --  0.15 mm (No. 100) 7.3     
Unconditioned Tensile Strength, psi 93 65 Min.  0.075 mm (No. 200) 5.1 3 7 
Tensile Strength Ratio, % 76  70 Min.      
   
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6 
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sand  


















Figure 20: Lockwood Liquid-treated mix design and aggregate properties with 



















































































Figure 21: Compactibility of WMA Mixtures with PG64-22, PG64-28NV and PG64-
28TR - Stage 2 for Foaming technology 
 
































































































Average Number of Gyration at Compaction Temp.



















































































Figure 23: TS and TSR of Lime-treated Mixtures - Stage 2 
 




































































































































































Figure 25: TS and TSR of all Mixtures - Stage 2 
 
Figure 26: Dynamic Modulus (E*) Master Curves for Untreated Mixtures with 




































































































































































































































































































































Figure 27: Dynamic Modulus (E*) Master Curves for Untreated WMA Dry 
Mixtures with PG64-22 - Stage  
 
Figure 28: Dynamic Modulus (E*) Master Curves for Untreated Mixtures with 


















































































Figure 29: Dynamic Modulus (E*) Master Curves for Untreated Mixtures with 
PG64-28NV/PM - Stage 2 
  
Figure 30: Dynamic Modulus (E*) Master Curves for Untreated WMA Dry 
























































































 Figure 31: Dynamic Modulus (E*) Master Curves for Untreated WMA Moist 
Mixtures with PG64-28NV/PM - Stage 2 
 
Figure 32: Dynamic Modulus (E*) Master Curves for Untreated Mixtures with 
























































































Figure 33: Dynamic Modulus (E*) Master Curves for Untreated WMA Dry 
Mixtures with PG64-28NV/TR - Stage 2  
  
Figure 34: Dynamic Modulus (E*) Master Curves for Untreated WMA Moist 


















































































Figure 35: Dynamic modulus values and ratios for untreated mixtures PG64-22 
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Figure 39: Dynamic Modulus (E*) Master Curves for Lime-treated all Mixtures 
with PG64-22- Stage 2 
 
Figure 40: Dynamic Modulus (E*) Master Curves for Lime-treated all Mixtures 












































































Figure 41: Dynamic Modulus (E*) Master Curves for Lime-treated all Mixtures 
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Figure 43: Dynamic Modulus (E*) Master Curves for Liquid-treated all Mixtures 
with PG64-22- Stage 2 
   
Figure 44: Dynamic Modulus (E*) Master Curves for Liquid-treated all Mixtures 












































































Figure 45: Dynamic Modulus (E*) Master Curves for Liquid-treated all Mixtures 
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Figure 47: Dynamic modulus vs dynamic modulus ratio for PG64-22 mixtures-
Stage1 
 









































































































Figure 49: Dynamic modulus vs dynamic modulus ratio for PG64-28NV/TR 
mixtures-Stage1 
 









































































































Figure 51: Dynamic modulus vs dynamic modulus ratio for PG64-28NV/PM 
mixtures-Stage2 
 









































































































Figure 53: FN for untreated mixtures - Stage 2 
 


























































Figure 55: FN for Liquid-treated mixtures - Stage 2   
  



























HMA1 Advera Sasobit HMA1 Advera Sasobit HMA1 Advera Sasobit
PG64-22 PG64-28NV PG64-28TR
un-treated 46 36 60 54 38 110 35 43 65
Lime-treated 56 30 60 161 111 470 146 66 110



























Figure 57: FN Summary for all mixtures – Stage 2  
HMA2 Evotherm Foaming HMA2 Evotherm Foaming HMA2 Evotherm Foaming
PG64-22 PG64-28NV PG64-28TR
Untreated 88 39 23 137 83 30 109 95 35
Lime-treated 84 27 35 164 106 39 126 118 38



























Figure 58: Beam Fatigue Model Comparison for Untreated Mixtures with PG64-22 
- Stage 2 
 
Figure 59: Beam Fatigue Model Comparison for Untreated Mixtures with PG64-
















































Figure 60: Beam Fatigue Model Comparison for Untreated Mixtures with PG64-
28NV/TR - Stage 2  
 

















































Figure 62: Beam Fatigue Model Comparison for WMA Untreated Mixtures with 
Evotherm - Stage 2 
 
Figure 63: Beam Fatigue Model Comparison for WMA Untreated Mixtures with 
















































Figure 64: Beam Fatigue Model Comparison for Lime-treated Mixtures with PG64-
22 - Stage 2 
 
Figure 65: Beam Fatigue Model Comparison for Lime -treated Mixtures with PG64-

















































Figure 66: Beam Fatigue Model Comparison for Lime -treated Mixtures with PG64-
28NV/TR - Stage 2  
 

















































Figure 68: Beam Fatigue Model Comparison for WMA Lime-treated Mixtures with 
Evotherm - Stage 2 
 
Figure 69: Beam Fatigue Model Comparison for WMA Lime-Mixtures with 


















































Figure 70: Beam Fatigue Model Comparison for Liquid-treated Mixtures with PG64-
22 - Stage 2 
 
Figure 71: Beam Fatigue Model Comparison for Liquid-treated Mixtures with 


















































Figure 72: Beam Fatigue Model Comparison for Liquid-treated Mixtures with 
PG64-28NV/TR - Stage 2  
  


















































Figure 74: Beam Fatigue Model Comparison for WMA Liquid- treated Mixtures 
with Foaming - Stage 2 
 
Figure 75: Beam Fatigue Model Comparison for WMA Liquid- treated Mixtures 






















































Figure 77: Dynamic modulus |E*| for all untreated mixtures used for 3D-move static 
analysis -Stage 1 
 
Figure 78: Comparison of tensile strains at the bottom of the asphalt layer from 
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Figure 79: K2 factors | for all untreated mixtures used for 3D-move static analysis – 
Stage 1 
 
Figure 80: Dynamic Modulus |E*| of all untreated mixtures for 3D-Move static 









































Figure 81: Comparison of maximum tensile strains at bottom of asphalt layer from 
static and dynamic analysis-Stage 2 
 
Figure 82: K2 factors for untreated mixtures generated from the beam fatigue 
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Figure 83: No. of repetition to failure of all untreated mixtures calculated from the 
3D-Move static and dynamic analysis for Thin Pavement-Stage 2 
 
Figure 84: No. of repetition to failure of all untreated mixtures calculated from the 















































































Figure 85: Dynamic Modulus E* of all lime-treated mixtures for 3D-Move static 
Analysis for Thin and Thick Pavement-Stage 2 
 
Figure 86: Comparison of maximum tensile strains at bottom of asphalt layer from 
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Figure 87: K2 factors for lime-treated mixtures generated from the beam fatigue 
relation developed in the laboratory-Stage 2 
 
Figure 88: No. of repetition to failure of all lime-treated mixtures calculated from 






















































Figure 89: No. of repetition to failure of all lime-treated mixtures calculated from 
the 3D-Move static and dynamic analysis for Thick Pavement-Stage 2 
 
Figure 90: Dynamic Modulus E* of all liquid-treated mixtures for 3D-Move static 


























































Figure 91: Comparison of maximum tensile strains at bottom of asphalt layer from 
static and dynamic analysis-Stage 2 
 
Figure 92:K2 factors for liquid-treated mixtures generated from the beam fatigue 
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Figure 93: No. of repetition to failure of all liquid-treated mixtures calculated from 
the 3D-Move static and dynamic analysis for Thin Pavement-Stage 2 
 
Figure 94: No. of repetition to failure of all liquid-treated mixtures calculated from 














































































Figure 95: Comparison of tensile strains at the bottom of the asphalt layer for 
untreated mixtures-Stage 1 
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Figure 97: Comparison of tensile strains at the bottom of the asphalt layer for 
untreated mixtures-Stage 2 
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Figure 99: Comparison of tensile strains at the bottom of the asphalt layer for lime-
treated mixtures- Stage 2 
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Figure 101: Comparison of tensile strains at the bottom of the asphalt layer for 
liquid-treated mixtures-Stage 2 
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Figure 103: Dynamic Modulus (E*) Master Curves for Untreated HMA Mixtures 
with PG64-22 - Stage 1  
 
Figure 104: Dynamic Modulus (E*) Master Curves for Untreated WMA Advera 






































































Figure 105: Dynamic Modulus (E*) Master Curves for Untreated WMA Advera 
Moist Mixtures with PG64-22 - Stage 1 
 
Figure 106: Dynamic Modulus (E*) Master Curves for Untreated WMA Sasobit Dry 






































































Figure 107: Dynamic Modulus (E*) Master Curves for Untreated WMA Sasobit 
Moist Mixtures with PG64-22 - Stage 1 
 
Figure 108: Dynamic Modulus (E*) Master Curves for Untreated HMA mixtures 






































































Figure 109: Dynamic Modulus (E*) Master Curves for Untreated WMA Advera Dry 
Mixtures with PG64-28NV/PM- Stage 1 
 
Figure 110: Dynamic Modulus (E*) Master Curves for Untreated WMA Advera 






































































Figure 111: Dynamic Modulus (E*) Master Curves for Untreated WMA Sasobit 
Dry Mixtures with PG64-28NV/PM - Stage 1 
 
Figure 112: Dynamic Modulus (E*) Master Curves for Untreated WMA Sasobit 






































































Figure 113: Dynamic Modulus (E*) Master Curves for Untreated HMA Mixtures 
with PG64-28NV/TR- Stage 1 
 
Figure 114: Dynamic Modulus (E*) Master Curves for Untreated WMA Advera Dry 






































































Figure 115: Dynamic Modulus (E*) Master Curves for Untreated WMA Advera 
Moist Mixtures with PG64-28NV/TR- Stage 1 
 
Figure 116: Dynamic Modulus (E*) Master Curves for Untreated WMA Sasobit Dry 







































































Figure 117: Dynamic Modulus (E*) Master Curves for Untreated WMA Sasobit 
Moist Mixtures with PG64-28NV/TR- Stage 1 
 
Figure 118: Dynamic Modulus (E*) Master Curves for lime-treated HMA Mixtures 





































































Figure 119: Dynamic Modulus (E*) Master Curves for lime-treated WMA Advera 
Moist Mixtures with PG64-22 - Stage 1 
 
Figure 120: Dynamic Modulus (E*) Master Curves for lime-treated WMA Sasobit 





































































Figure 121: Dynamic Modulus (E*) Master Curves for lime-treated HMA Mixtures 
with PG64-28NV/PM - Stage 1 
 
Figure 122: Dynamic Modulus (E*) Master Curves for lime-treated WMA Advera 




































































Figure 123: Dynamic Modulus (E*) Master Curves for lime-treated WMA Sasobit 
Moist Mixtures with PG64-28NV/PM- Stage 1 
 
 
Figure 124: Dynamic Modulus (E*) Master Curves for lime-treated HMA Mixtures 




































































Figure 125: Dynamic Modulus (E*) Master Curves for lime-treated WMA Advera 
Moist Mixtures with PG64-28NV/TR- Stage 1 
 
Figure 126: Dynamic Modulus (E*) Master Curves for lime-treated WMA Sasobit 





































































Figure 127: Dynamic Modulus (E*) Master Curves for liquid-treated HMA Mixtures 
with PG64-22 - Stage 1 
 
Figure 128: Dynamic Modulus (E*) Master Curves for liquid-treated WMA Advera 




































































Figure 129: Dynamic Modulus (E*) Master Curves for liquid-treated WMA Sasobit 
Moist Mixtures with PG64-22 - Stage 1 
 
 
Figure 130: Dynamic Modulus (E*) Master Curves for liquid-treated HMA Mixtures 




































































Figure 131: Dynamic Modulus (E*) Master Curves for liquid-treated WMA Advera 
Moist Mixtures with PG64-28NV/PM- Stage 1 
 
Figure 132: Dynamic Modulus (E*) Master Curves for liquid-treated WMA Sasobit 




































































Figure 133: Dynamic Modulus (E*) Master Curves for liquid-treated HMA Mixtures 
with PG64-28NV/TR- Stage 1 
 
Figure 134: Dynamic Modulus (E*) Master Curves for liquid-treated WMA Advera 




































































Figure 135: Dynamic Modulus (E*) Master Curves for liquid-treated WMA Sasobit 
Moist Mixtures with PG64-28NV/TR- Stage 1 
 
Figure 136: Dynamic Modulus (E*) Master Curves for Untreated HMA mixtures 





































































Figure 137: Dynamic Modulus (E*) Master Curves for Untreated WMA Evotherm 
Dry Mixtures with PG64-22 - Stage 2 
 
Figure 138: Dynamic Modulus (E*) Master Curves for Untreated WMA Evotherm 






































































Figure 139: Dynamic Modulus (E*) Master Curves for Untreated WMA Foaming 
Dry Mixtures with PG64-22 - Stage 2 
 
Figure 140: Dynamic Modulus (E*) Master Curves for Untreated WMA Foaming 






































































Figure 141: Dynamic Modulus (E*) Master Curves for Untreated HMA mixtures 
with PG64-28NV/PM - Stage 2 
 
Figure 142: Dynamic Modulus (E*) Master Curves for Untreated WMA Evotherm 






































































Figure 143: Dynamic Modulus (E*) Master Curves for Untreated WMA Foaming 
Dry Mixtures with PG64-28NV/PM- Stage 2 
 
Figure 144: Dynamic Modulus (E*) Master Curves for Untreated WMA Foaming 






































































Figure 145: Dynamic Modulus (E*) Master Curves for Untreated HMA Mixtures 
with PG64-28NV/TR- Stage 2 
 
Figure 146: Dynamic Modulus (E*) Master Curves for Untreated WMA Evotherm 







































































Figure 147: Dynamic Modulus (E*) Master Curves for Untreated WMA Evotherm 
Moist Mixtures with PG64-28NV/TR- Stage 2 
 
Figure 148: Dynamic Modulus (E*) Master Curves for Untreated WMA Foaming 






































































Figure 149: Dynamic Modulus (E*) Master Curves for Untreated WMA Foaming 
Moist Mixtures with PG64-28NV/TR- Stage 2 
 
Figure 150: Dynamic Modulus (E*) Master Curves for lime-treated HMA Mixtures 





































































Figure 151: Dynamic Modulus (E*) Master Curves for lime-treated WMA Evotherm 
Moist Mixtures with PG64-22 - Stage 2 
 
Figure 152: Dynamic Modulus (E*) Master Curves for lime-treated WMA Foaming 




































































Figure 153: Dynamic Modulus (E*) Master Curves for lime-treated HMA Mixtures 
with PG64-28NV/PM - Stage 2 
Figure 154: Dynamic Modulus (E*) Master Curves for lime-treated WMA 




































































Figure 155: Dynamic Modulus (E*) Master Curves for lime-treated WMA Foaming 
Moist Mixtures with PG64-28NV/PM- Stage 2 
 
 
Figure 156: Dynamic Modulus (E*) Master Curves for lime-treated HMA Mixtures 




































































Figure 157: Dynamic Modulus (E*) Master Curves for lime-treated WMA Evotherm 
Moist Mixtures with PG64-28NV/TR- Stage 2 
 
Figure 158: Dynamic Modulus (E*) Master Curves for lime-treated WMA Foaming 




































































Figure 159: Dynamic Modulus (E*) Master Curves for liquid-treated HMA Mixtures 
with PG64-22 - Stage 2 
 
Figure 160: Dynamic Modulus (E*) Master Curves for liquid-treated WMA 




































































Figure 161: Dynamic Modulus (E*) Master Curves for liquid-treated WMA Foaming 
Moist Mixtures with PG64-22 - Stage 2 
 
Figure 162: Dynamic Modulus (E*) Master Curves for liquid-treated HMA Mixtures 



































































Figure 163: Dynamic Modulus (E*) Master Curves for liquid-treated WMA 
Evotherm Moist Mixtures with PG64-28NV/PM- Stage 2 
 
Figure 164: Dynamic Modulus (E*) Master Curves for liquid-treated WMA Foaming 




































































Figure 165: Dynamic Modulus (E*) Master Curves for liquid-treated HMA Mixtures 
with PG64-28NV/TR- Stage 2 
 
Figure 166: Dynamic Modulus (E*) Master Curves for liquid-treated WMA 




































































Figure 167: Dynamic Modulus (E*) Master Curves for liquid-treated WMA Foaming 
Moist Mixtures with PG64-28NV/TR- Stage 2 
 
Figure 168: Beam Fatigue Model Comparison for untreated Mixtures with PG64-22 
























































Figure 169: Beam Fatigue Model Comparison for untreated Mixtures with PG64-
28NV/PM - Stage 1  
 
Figure 170: Beam Fatigue Model Comparison for untreated Mixtures with PG64-
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